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Summary 

 

Fabrics are one of the earliest forms of human expression. However, they have not 

evolved much in the long history of being an essential product in our daily life. 

Enlightened by the rapid development in functional electronic devices over the past 

few decades, escalating research interests have been focused on achieving functional 

fabrics for various applications, for example, detecting vital signs, monitoring 

environmental change, and transmitting data. As the basic building blocks of fabrics 

are fibers, the functionalization and scalable fabrication of fibers are highly 

demanded. Fibers with diverse functions such as sensing, actuating, imaging, energy 

harvesting, and light emitting are crucial for achieving various functional fabrics and 

supporting their potential applications. 

 

Among all the fiber fabrication methods, a preform-to-fiber thermal drawing 

technique has been broadly employed for the mass production of longitudinally 

uniform fibers with an extended length up to tens of kilometers. This technique is 

applicable to a wide selection of materials, including both structural materials, such 

as polymers and elastomers, and functional materials such as metals and 

semiconductors, and even materials in liquid phase, indicating extensive sensing 

applications. Further, complex inner and outer architectures can be constructed in 

fibers by the design of the preform or modification of the thermal drawing process. 

The tremendous possible combinations of materials and architectures in fibers also 

make them privileged in fabricating wearable triboelectric nanogenerator (TENG), 

which is frequently used as self-powered touch sensors. In this thesis, thermal and 

touch sensing fibers and fabrics are developed based on the thermal drawing 

technique.  

 

First, a thermoelectric fiber is fabricated by thermal co-drawing a macroscopic 

preform containing a semiconducting glass core and a polymer cladding to deliver 

thermal sensing function at fiber-optic length scales with excellent flexibility and 

uniformity. The resulting thermoelectric fiber sensor operates in a wide temperature 
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range with high sensitivity and accuracy while offering superior flexibility with the 

bending curvature radius below 2.5 mm. Additionally, a single thermoelectric fiber 

can either sense the spot temperature variation or locate the heat/cold spot on the fiber. 

As a proof of concept, a two-dimensional 3 × 3 fiber array is woven into a fabric to 

simultaneously detect the temperature distribution and the position of heat/cold 

source with the spatial resolution of millimeters. The results demonstrate the 

feasibility of the fabrication of large-area, flexible, and wearable temperature sensing 

fabrics for wearable electronics and advanced artificial intelligence applications. 

 

Second, a two-step soluble-core thermal drawing process is developed. It consists of 

the traditional thermal drawing and simple post-draw processing to further extend the 

potential of soft fiber electronics. An ultra-stretchable conductive fiber is achieved, 

which maintains excellent conductivity even under 1900% strain or freefalling from 

1-m height with 1.5 kg load.  Moreover, the resulted fiber also acts as a stretchable 

TENG for self-powered self-adapting multi-dimensional sensing based on the 

coupling effect of contact electrification and electrostatic induction. A touch sensing 

net fabric is built from the stretchable fiber and attached to sports gear to monitor 

sports performance while bearing strong and sudden impacts. This scalable 

fabrication approach combines with TENG design enables various in-fiber structures, 

leading to the further promotion of self-powered sensors and large-scale device 

integration. 

 

Last, to further improve the performance of fiber-based TENG devices and extend 

the applications of thermally drawn fibers, high-resolution designer 

micro/nanostructures are achieved on fiber surface by introducing direct imprinting 

in thermal drawing (DITD) technique. A wide variety of regular and irregular 

micro/nano-scale surface patterns are successfully created on the entire surfaces of 

hundreds-meter long fibers with different inner structures and materials. Such a 

thermal imprinting process is simulated and confirmed by experimental 

measurements to illustrate the feasibility of the DITD technique. Pattern resolution, 

repeatability, and pattern depth control are further examined, showing a featured size 

as small as tens of nanometers. To explore the application prospect of the DITD 
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technique, nanopatterns are fabricated on fibers to form plasmonic metasurfaces. 

Moreover, double-sided patterned fibers are produced to construct wearable TENGs 

with enhanced performance compared to fibers with flat surfaces. Further, a self-

powered wearable touch sensing fabric with 12 sensing nodes is fabricated using the 

double-sided patterned fibers. The self-powered wearable touch-sensing fabric can 

precisely locate single and multiple touchpoints on curved surfaces, revealing a bright 

future of the DITD technique in wearable multifunctional fiber-based electronics and 

smart fabrics. 
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Chapter 1 Introduction 

 

1.1 Background and Motivation 

 

Fabrics have served as an indispensable product in human daily life for thousands of 

years [1]. Although they were used in tremendous applications with various forms 

ranging from small pieces, including bandage and towel, to different kinds of apparel, 

the basic functions of these fabrics haven’t evolved much from ancient to modern 

times. In most cases, they are considered as lacking technological functions and used 

in cleaning, offering physical protection from the external environment, achieving 

thermal comfort, or providing aesthetic expression.  

 

In the last few decades, the leaping semiconductor industry enabled the rapid 

development in electronic devices with numerous functions such as sensing, 

communicating, computing, and actuating [2-11]. Moreover, these devices are 

getting smaller in size and lighter in weight, which makes them portable for ease of 

use and implementation. Inspired by these achievements, escalating research interests 

have been focused on realizing different functions, such as vital signs monitoring, 

external environment detecting, and data transmission, on fabrics to construct 

wearable fabric-based devices towards “smart fabrics” [12-19]. 

 

There is no standard definition of smart fabrics. In general, it can be taken as fabrics 

that can sense and respond to environmental stimuli including mechanical, thermal, 

electrical, and optical signals [20]. Although only a few products can be found 

currently, the global market for smart fabrics is forecast to rapid growth [21], 

considering their huge application perspectives in many fields. For example, sports 

attire with integrated functions of blood pressure detecting and emergency alerting, 

clothes with the ability to provide heating or cooling according to the environmental 

temperature, and artificial skin that can feel touches and actuate accordingly[22-30]. 

To ensure the smart fabrics act properly when served in these application scenarios, 

it is essential for the smart fabrics themself to collect the right external information. 
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From this point of view, sensing plays a fundamental role in smartening fabrics. 

Therefore, achieving advanced sensing fabrics is crucial for the evolution of smart 

fabrics.  

 

Fibers, as the building blocks of fabrics, determine the basic properties and the 

realization of sensing function on fabrics. Thus, the scalable fabrication of flexible 

fibers compatible with various materials and complex architectures is highly 

demanded to support the development of sensing fabrics and their wide range of 

applications. Unfortunately, it is quite challenging to employ fiber as a new platform 

to develop functional devices. Current processing techniques [31-36] such as 

lithography [37-42] and molecular beam epitaxy [43-47]are developed for rigid and 

planar substrates such as wafers, which are not compatible with the soft and highly 

curved fibers. Besides, the commonly used materials comprising silicon and planar 

device configurations in conventional devices are difficult to be transferred to fibers. 

Hence, countless works have been carried out to explore new processing techniques 

for fiber-based devices. As a result, many fiber processing techniques, such as 

electrospinning [48-52], dip-coating [53-56], chemical and physical deposition [57-

61], electrochemical deposition [62-65], and hydrothermal synthesis [66-69], were 

developed and some promising applications such as solar cells [70-75], 

supercapacitors [76-79], nanogenerators [48, 80-83], and light emitting devices [84-

86] were demonstrated. However, these approaches always require complex material 

deposition procedures to form a single fiber and most of the fiber architectures are 

limited to layered core-shell structure, leading to limited functionalities. Additionally, 

the weaknesses in durability, axial uniformity, and scalability in production of these 

fibers also become the bottleneck towards industrial production. 

 

A newly developed preform-to-fiber thermal drawing technique has been broadly 

employed for the mass production of longitudinally uniform fibers with the extended 

length up to tens of kilometers [87-92]. The thermal drawing process begins with 

heating a macroscopic preform containing glassy material such as a thermoplastic 

polymer above its glass transition temperature till soft. The soft preform with a typical 

diameter in centimeter range is then pulled under a controlled speed to form viscous 
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flow [93] and thus elongated into a fiber with a uniform diameter ranging from tens 

of micrometers to several millimeters. During the fiber drawing process, the cross-

sectional architecture of the fiber is consistent with the preform except for being 

scaled down in size after the drawing process. Microscopic fiber with a sophisticated 

inner structure could be achieved simply by constructing the corresponding inner 

structure in the macroscopic preform [94]. Furthermore, this thermal drawing 

technique is applicable to a wide selection of materials including metals [95-98], 

semiconductors [99-102], and insulators [103-106]. Even materials in liquid phase 

[107] and commercial components [108] could be incorporated into fibers under good 

confinement of the glassy materials thanks to their high viscosity (typically 104 - 108 

Pa·s) during the thermal drawing process. Thus, various functional materials and 

arbitrarily designed inner structure can be highly integrated into a single fiber, 

enabling this technique a wide application prospect including optoelectronics [109-

112], motion sensing [113, 114], thermal sensing [115, 116], energy transducing [103, 

117] and bio-fiber interfaces [118-121]. Also, the thermally drawn fibers are 

particularly durable and even washable as the functional materials and structures are 

protected inside the glassy material. Finally, it is worth noting to mention that 

polymer fibers drawn via this technique are compatible with modern textile 

technology because they are flexible, washable, and high yield, denoting the 

thermally drawn polymer fibers a promising candidate for advanced sensing fabrics. 

 

Thermal sensor, a device to monitor the temperature, reveals important information 

about the dynamics of many chemical, physical, and biological phenomena [122-127]. 

It is one of the most frequently employed sensors for industrial processing, health 

monitoring, military defense, and so on. In practical, the infrared imaging system has 

been widely applied in firefighting, disease control, and night surveillance, where the 

measured objects can be exposed to the camera lens directly without obstacle. 

However, it is not applicable in the cases where the measured object is covered or 

shaded, for example, monitoring skin temperature underneath the clothes and 

measuring temperature distribution on robots or other rugged surfaces. Therefore, 

developing a thermal sensing fabric with good flexibility to conformably wrap an 

irregular surface and high spatial resolution to extract the temperature distribution is 
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of great value for these applications. Combing with the thermal drawing technique, 

the high scalable fabrication and good material compatibility technique, thermally 

sensitive material including thermistors [122, 128] and thermoelectric material [115, 

129] could be conveniently incorporated into the kilometers-long fiber, enabling very 

large area temperature monitoring network. 

 

Touch sensing fabrics are also expected for many fascinating applications, such as 

granting the sense of touch to artificial intelligence robot, attaching to sports gears to 

monitor sports performance, or served as a communication interface between human 

and smart fabrics [130-134]. Recently, triboelectric nanogenerator (TENG), a device 

that converts mechanical energy into electricity based on the coupling effect of 

triboelectrification and electrostatic induction, has been frequently employed as self-

powered touch sensor owing to its high output signal, diverse choices of materials, 

and low cost [135-145]. As surface area is a crucial factor that influencing the 

performance of TENG [146] while fibers possess very large surface-to-volume ratio 

because of their unique shape, the durable and ultra-long fiber-based TENG 

fabricated via fiber drawing technique could be a promising solution for touch 

sensing fabrics. 

 

Furthermore, previous works [147-149] have confirmed that the microstructure can 

significantly boost the output performance of TENG due to enlarged surface area and 

enhanced friction. Additionally, surface patterns will also bring many other unique 

properties such as hydrophobic surface [150, 151], coloration [152, 153], enhanced 

gas absorption [154, 155], and antimicrobial [156, 157]. Thus, creating surface 

patterns on fibers is not only an effective way to improve the performance of touch 

sensing fibers and fabrics based on TENG but also a decent approach to extend the 

application variety of fibers and fabrics. However, by far only surface grooves along 

the fiber’s axial direction were achieved due to structure elongation and surface 

tension-driven polymer reflow via the traditional drawing process [93, 158-161]. 

Therefore, an effective yet universal approach to creating high-resolution complex 

micro/nanostructure beyond axial direction on thermally drawn fibers is vastly 
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demanded for the further development of functional fibers and advanced sensing 

fabrics. 

 

1.2 Objectives 

 

In this thesis, the thermal drawing technique, a large-scale fabrication approach with 

good material and architecture compatibility, is applied to develop polymer 

functional fibers and explore their applications in advanced sensing fabrics, including 

thermal sensing and touch sensing. Also, the thermal drawing process is modified to 

fabricate designer surface patterns on fibers, which will enable more unique 

properties onto function fibers and improve the advanced sensing fabrics. The main 

objectives of this thesis are: 

 

1. To fabricate a flexible and uniform thermoelectric fiber by thermal 

drawing technique which contains a semiconducting glass core and a 

polymer cladding to deliver thermal sensing function, measure the 

thermoelectric properties of the semiconductor core, simulate and 

experimentally test the thermal sensing performance of individual fiber, 

and construct a thermal sensing fabric for simultaneous thermal source 

detecting and positioning. 

 

2. To develop a strategy for thermally drawing elastic fibers with high 

stretchability and durability, fabricate conductive elastic fiber-based 

TENG and measure the performance under different stretch ratios, and 

build a self-powered touch sensing fabric which can adapt to any surface 

for monitoring sports performance. 

 

3. To propose a direct imprinting thermal drawing (DITD) technique to 

achieve arbitrarily designed surface patterns on entire fiber surfaces, 

simulate and measure the thermal behavior during the drawing process, 

study the resolution and key parameters of this technique, and explore 
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different applications of patterned functional fibers including a touch 

sensing fabric.  

 

 

1.3 Major Contributions of the Thesis 

 

The novelty of the studies and major contributions of the thesis include: 

 

1. Realize a thermal sensing fabric for simultaneously realizing thermal 

sensing and positioning with high spatial resolution. In this study, a 

thermoelectric fiber is thermally drawn from a macroscopic preform 

containing a semiconducting glass core and a polymer cladding. The fiber 

can be arbitrarily long and shows superior flexibility with the bending 

curvature radius below 2.5 mm. Also, the thermoelectric fiber exhibit 

large Seebeck coefficients and high thermal conductivity, working as a 

thermal sensor in a wide temperature range up to 150 °C. The voltage 

response is recognizable even the temperature change is smaller than 0.05 °C. 

Moreover, both the position and the temperature value of the heat or cold 

source can be detected by the single thermoelectric fiber, which is also 

confirmed by simulation results. At last, a thermal sensing fabric for 

simultaneous thermal sensing and positioning is constructed by fiber 

arrays with a grid size of 24 mm × 24 mm, leading to the realization of 

large-area thermography, health-monitoring products, and e-skin robotics.  

 

2. Introduce an ultra-stretchable fiber and demonstrate a self-powered 

touch sensing net fabric for monitoring sports performance. First, a two-

step soluble-core thermal drawing process is developed for thermally 

drawing low modulus, low viscosity, and high adhesiveness materials 

which are hard to be controlled control during the conventional fiber 

drawing process. Using this process, an ultra-stretchable conductive 

styrene-ethylene-butylene-styrene (SEBS) fiber is achieved, which 

maintains excellent conductivity even under 1900% strain or sudden hit 
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by a 1.5 kg load freefalling from a height of 1 meter. Second, stretchable 

TENGs are fabricated based on SEBS fibers. Their performance is 

measured, and the working mechanism is discussed and confirmed via 

simulation results. Finally, self-powered touch sensing net fabrics are 

built and demonstrated by attached to sports gear to monitor sports 

performance. This fabrication process and touch sensing fabrics 

indicating their future applications in self-powered smart fabric and large-

scale device integration.  

 

3. Propose a direct imprinting thermal drawing (DITD) technique to achieve 

designer patterned fibers for the further development of functional fibers 

and advanced sensing fabrics. a wide variety of regular and irregular 

surface patterns are created on hundreds-meter long fibers with different 

materials and inner structures, illustrating the high stability, high yield, 

and good compatibility of the DITD technique. Key process parameters 

such as resolution, repeatability, and depth control are examined, 

exhibiting the feature size as small as tens of nanometers. Nanopatterned 

fibers are fabricated and their plasmonic behaviors are studied. And 

double-sided patterned fibers are produced for fiber-based TENGs and 

further constructed into self-powered wearable touch sensing fabric, 

revealing a bright future of the DITD technique in wearable 

multifunctional fiber-based devices and smart fabrics. 

 

1.4 Organization of the Thesis 

 

This thesis consists of 6 chapters: 

 

Chapter 1 gives a brief introduction to the background and motivation to develop 

thermally drawn polymer fibers for advanced sensing fabrics, especially thermal 

sensing and touch sensing, set the objectives of this thesis, and clarifies the major 

contributions of these studies.  
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Chapter 2 discusses the preparation, implementation, and applications of the thermal 

drawing technique, followed by the review of recent progress in thermal sensing, 

fiber-based TENG for touch sensing, and surface patterned fibers. 

 

Chapter 3 describes the fabrication of flexible and uniform thermoelectric fiber by 

thermal drawing technique. Its thermoelectric properties and thermal sensing 

performance are tested. And thermal sensing fabric for simultaneous thermal source 

detecting and positioning is shown. 

 

Chapter 4 develops a two-step soluble-core thermal drawing process for fabricating 

conductive and ultra-stretchable SEBS fibers. A self-powered touch sensing net 

fabric based on the SEBS fibers is built and its applications in monitoring sports 

performance are demonstrated.  

 

Chapter 5 suggests a DITD technique to achieve arbitrarily designed surface patterns 

on entire fiber surfaces with high resolution in all directions. The thermal behavior, 

pattern resolution, and other key parameters of this technique are studied. And its 

application in various fields including metasurface and touch sensing fabric are 

exhibited. 

 

Chapter 6 draws conclusions of this thesis and recommends future research works 

towards advanced fabrics based on thermally drawn fibers. 
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Chapter 2 Literature Review 

 

In this chapter, basic concepts and recent advances in thermal drawing technique and 

fiber-based TENG are reviewed as background knowledge before introducing the 

following works towards advanced sensing fabrics. More specifically, Section 2.1 

discusses several preform preparation methods, thermal drawing process, and various 

applications of drawn fibers, especially the applications in thermal sensing; Section 

2.2 focuses on TENGs which will be used for self-powered touch sensing in this 

thesis, including the categories of TENGs, strategies for enhancing the performance 

of TENGs, and recent progress on fiber-based TENGs; and Section 2.3 presents 

previous works on drawing surface patterned fibers. 

 

2.1 Thermal Drawing Technique and Its Applications 

 

The preform-to-fiber thermal drawing technique was originally used to fabricate glass 

fibers for optical communication. Owing to its high production rate and stability, 

optical fibers become an indispensable item implemented all over the world for long-

distance light data transmission today. In addition to telecommunication, thermally 

drawn glass fibers are also employed for many other applications such as fiber laser 

[162-164], imaging optics [165, 166], and fiber-optic sensor [167, 168].  

 

Besides glass, thermoplastic polymers are also frequently used in the thermal drawing 

technique recently. Compared to fragile glass materials that require high processing 

temperature, polymers can be processed under low temperature and they possess 

higher flexibility and better machinability, making them compatible with different 

functional materials and fiber architectures. Over the past few years, numerous 

thermally drawn polymer fibers have been demonstrated for applications in 

electronics [169, 170], energy conversion [171, 172], and biomedicine [173, 174], etc.  

 

These various applications based on thermally drawn glass and polymer fibers reveal 

the bright future of the thermal drawing technique. In this section, this trending 
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technique will be systematically discussed from preform preparation to fiber 

application.  

 

2.1.1 Preform Preparation 

 

The thermal drawing process begins with heating a macroscopic preform where 

glassy materials, such as silica and thermoplastic polymer, constitute a great portion 

as the structural materials. After the glassy material is heated above its glass transition 

temperature, the preform will be pulled down and elongated into a microscopic fiber 

under a controlled behavior. The material and architecture of the fiber are consistent 

with that of the preform. Therefore, a well-constructed preform with desired material 

located at the prescribed position is requisite to achieve various functional fibers. Till 

now, many preform preparation approaches have been developed, such as rod-in-tube 

[175-178], extrusion [179, 180], thin-film rolling [181, 182], deep-hole drilling [183, 

184], casting [185, 186], fused deposition modeling [187, 188], double-crucible [189, 

190] and additive manufacturing [191]. Each approach possesses its own merits and 

demerits which make different approaches advance in preparing different preforms. 

Here, some commonly used approaches will be introduced in detail.  

 

Figure 2-1. Schematic of (a) rod-in-tube approach and (b) stack-and-draw approach [192]. 
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Rod-in-tube  

The Rod-in-tube approach is frequently used for constructing a preform with a simple 

core-shell structure [192]. As sketched in Figure 2-1a, a rod is inserted into a tube 

with matched size and then sealed under vacuum to form a unity. Generally, the tube 

is made from glassy materials to support the whole structure during the thermal 

drawing process, while the rod can be various functional materials. This approach is 

applicable to both glass and polymer materials. The basic rule is that the rod material 

should be soft or melt that can flow inside the tube when thermally drawn. Instead of 

inserting a solid rod, powders and even solution can be filled into the tube in some 

special cases [107, 115].  

 

Stack-and-draw 

Similar to the rod-in-tube approach, the single rod can be replaced with a complex 

structure by stacking fine tubes or rods (canes) and then inserting them into the outer 

tube (jacket), as shown in Figure 2-1b. Although the glassy jacket can hold the 

stacked structures from disassembly, the canes must include glassy materials as well 

to maintain the complex inner structure during the thermal drawing process. 

Moreover, as longitudinal air holes are often employed in the stacked structures, the 

air pressure inside the holes is also a critical factor. Controlling the air pressure during 

the thermal drawing process could tune the size of the holes and achieve the desired 

final geometry [193-195]. This approach is extensively used to fabricate optical fibers 

with sophisticated inner structures including photonic crystal fiber (PCF) [196]. 

 

The rod-in-tube approach and stack-and-draw approach can be combined to achieve 

a fiber with a large number of micro/nanometer functional cores. For example, a 

three-step size-reduction process was reported by M. Yaman et al. to fabricate various 

semiconductor nanowires and nanotubes inside fibers [197]. As shown in Figure 2-2, 

the first step is fabricating a preform with semiconductor core and polymer cladding 

via the rod-in-tube approach and then drawing the preform into a fiber with core-shell 

structure. Semiconducting microwires could be obtained at this step. Next, a bundle 

of the thermally drawn fiber from step 1 was stacked and inserted into a new polymer 

tube. And the resulted fiber comprised a bundle of semiconductor nanowires. Finally, 
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high-density nanowires array with the diameter of 5-50 nm inside the polymer 

cladding was achieved via repeating the stack-and-draw approach using the fibers 

drawn from the second step. This high-throughput nanofabrication process is 

compatible with a diverse selection of materials including crystalline semiconductors 

such as selenium (Se), chalcogenide glass such as arsenic triselenide (As2Se3), and 

hollow polymers such as polyvinylidene fluoride (PVDF) nanotube. Thus, a wide 

range of applications in flexible electronics, nonlinear photonics, nanofluids, and 

energy conversions can be expected.  

 

Figure 2-2. A nanofabrication approach based on a three-step size-reduction process [197]. 

 

Deep-hole drilling 

To fabricate polymer preforms with many air holes along the longitudinal axis, the 

deep-hole drilling approach is also commonly employed [183, 184, 198]. The drilling 

process is conducted by a computer numerical control (CNC) machine. According to 

the desired fiber structure, numerous holes with different sizes could be drilled on a 

thick polymer rod. Moreover, the drilled holes are uniform throughout the preform 

and can be precisely distributed with arbitrary patterns. These advantages make it a 

common approach for fabricating polymer preforms for microstructured optical 

fibers. However, some limitations should be pointed out. The length to diameter ratio 
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of the drilled holes is usually below 100 [198]. Thus, the length of the preform will 

be limited if small holes are needed. Furthermore, the drilling bit will not be rigid 

enough and bent easily during drilling if its diameter is too small. Hence, the size of 

the drilled holes is usually several millimeters. Additionally, the drilled holes are 

restricted to circular shapes and may have a rough inner surface, 

 

Casting 

Casting is another option to fabricated preforms for microstructured fiber with high 

yield [185, 186, 199]. A mold that mirrors the needed preform structure should be 

prepared before casting. It is usually made from high melting point material, such as 

alloy, and assembled from several elements, such as circular rods and rectangular 

bars. To facilitate the demolding process, all the surfaces of the elements must be 

very smooth. The casting approach can be applied to both glass and polymer. For 

glass preform, a sol-gel technique is used for casting an intermediate preform[199]. 

The intermediate preform is then released from the mold and sintered into glass 

followed by drawn into fibers. For polymer preform, chemical precursors are cast 

into the mold and then transformed into a solid preform after polymerization. 

Compared with stack-and-draw and deep-hole drilling, the casting approach 

possesses larger design freedom the hole size, shape, and arrangement could be 

designed independently on a large scale. Also, casting in a sealed mold can help to 

limit material contamination. However, the casting process has its own limitations. 

To release the mold after casting, only elements with uniform size along the 

longitudinal axis or elements in conical shape could be used. Moreover, the accessible 

material range is also limited as the preform is formed through a chemical process, 

which may not be applicable to all the materials for the thermal drawing process. 

 

Thin-film rolling 

Polymer preform can also be prepared through rolling a thin polymer film around a 

rod conformally followed by thermally consolidating the whole structure under 

vacuum. The thin film can be homogenous material to serve as the cladding of the 

rod (Figure 2-3a, b) or form a polymer tube by removing the rod. Otherwise, 

functional materials may be deposited on the thin film beforehand. And alternating 
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layers will be formed inside the preform after rolling, as demonstrated in Figure 2-3c, 

d. The thickness of the layers can be reduced to sub 100 nanometers [200] after the 

thermal drawing process (Figure 2-3e). This thin film rolling approach has been 

widely exploited to fabricate photonic bandgap (PBG) fibers for light guidance, 

omnidirectional reflection, or other optoelectronic applications [201]. 

 

 

Figure 2-3.  Schematic of thin-film rolling approach [200] and direct carving-and-assembly 

approach [202]. (a) A solid rod is assembled with a glass core, an insulating polymer shell, and four 

metal electrodes. (b) A polymer film is rolled around the structure to form a protective cladding. (c) A 

functional material deposited on the thin film. (d) Alternating layers formed by thin-film rolling. (e) 

The macroscopic preform is thermally drawn into a fiber while maintaining its cross-sectional 

architecture. (f) Components to be assembled. (1) Thin polymer film, (2) alloy electrode, (3) polymer 

electrode, and (4) polymer slab. (g) Thermal drawing process and cross-section SEM images of the 

drawn fiber. 

Direct carving-and-assembly 
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For fabricating triangular, rectangular, or other irregular preforms, direct carving 

every part and assembling all the parts could be an efficient way to form complex 

architectures. As shown in Figure 2-3f [202], grooves with different sizes are carved 

on the four polymer slabs (yellow-green) according to the size of electrodes (grey and 

black), photosensitive semiconductors (red), as well as the hollow core. After 

assembling the functional materials and polymer slabs, the whole structure is 

thermally consolidated in a vacuum oven or hot press machine and then drawn into 

fiber (Figure 2-3g). As a result, fiber with a complex inner structure is achieved for 

detecting the incident light from the hollow channel. This direct carving-and-

assembly approach has been broadly applied for developing different functional 

fibers for sensing, actuating, etc. [113, 171] 

 

Fused deposition modeling 

Fused deposition modeling is an additive manufacturing technique that can build 

predesigned structures layer-by-layer by feeding thermoplastic materials into a 

heated extrusion nozzle. Compared to most other preform preparation approaches 

that need lots of manual work, a great advantage of this technique is the ability to 

build preforms with complex structure and short lead time automatically. 

Additionally, this approach is compatible with most thermoplastic materials 

including polymer and glass [203, 204]. Therefore, in recent years, increasing amount 

of works have employed the fused deposition modeling technique to fabricate the 

preforms for applications such as optical waveguides [187, 205]. Yet, this approach 

also has some limitations, such as the rough surface (especially the visible layer lines) 

and limited dimensional accuracy (submillimeter level). 

 

2.1.2 Thermal Drawing Process and Material Selection.  
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Figure 2-4. Schematic of typical thermal drawing process [206]. 

 

Typical thermal drawing process 

The setup for the thermal drawing process is called fiber drawing tower. In the 

beginning, the preform is fixed above a vertical tube furnace and a weight may be 

attached below the preform. Then the preform is fed down into the furnace and held 

in the place where the bottom part of the preform is below the heating zone of the 

furnace. The temperature is set according to the cladding material of the preform, 

usually 50-100 °C higher than its glass transition temperature. After around half an 

hour, the temperature of the material at the heating zone is high enough to become 

soft and necked down under the pulling of the attached weight or the weight of the 

preform’s bottom part. The size of the preform reduces in the neck-down region and 

finally forms a fiber. To keep drawing the fiber continuously, the preform is then fed 

into the heating zone at a constant speed (𝑣𝑝) while the fiber is drawn down and 

collected by a capstan at a much larger speed (𝑣𝑓), as sketched in Figure 2-4. Since 

the total volume of the materials remains unchanged during the thermal drawing 

process, the diameter of the fiber can be controlled by the preform speed and fiber 

speed, as the equation described below: 

 𝐷𝑓𝑖𝑏𝑒𝑟 = 𝐷𝑝𝑟𝑒𝑓𝑜𝑟𝑚 × √
𝑣𝑝

𝑣𝑓
⁄  (1) 

In this manner, a hundreds-meters-long fiber with a diameter ranging from hundreds 

of micrometers to several millimeters can be drawn from a hundreds-millimeters-
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long preform with a diameter of several centimeters, while the inner structure of the 

fiber may reach as small as tens of nanometers. 

 

Material selection 

Typically, all the materials in the prepared preform will be molten or soften and 

subsequently experience a neck-down process to form a fiber during the thermal 

drawing process. To achieve this, some criteria should be followed when selecting 

different materials for codrawing [207].  

 

Figure 2-5. Material selection criteria for thermal drawing technique [192, 207, 208]. (a) Dynamic 

viscosity of different materials as a function of temperature. (b) Linear thermal expansion coefficient 

at room temperature (Y-axis) and melting temperature (X-axis) of different materials. Rheological 

properties (storage modulus, loss modulus, and complex viscosity) of (c) PC and (d) SEBS. 

First, the preform must consist of at least one thermoplastic material as the frame to 

support the whole structure of the preform during the thermal drawing process. The 

drawing temperature is always decided by the thermoplastic material, normally 50-

100 °C higher than its glass transition temperature. And it should possess a high 

viscosity (usually 104-108 Pa*s) under its drawing temperature to keep the complex 

structure from deformation. Figure 2-5a shows the viscosity of some common 

materials as a function of temperature. 
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Second, all the other materials inside the preform should be softened or molten under 

the drawing temperature. And the boiling temperature of the crystalline materials 

should be higher than the drawing temperature.  

 

Third, the materials in the preform should better have similar thermal expansion 

coefficient (TEC). TEC mismatch may lead to undesired gaps between different 

materials or large residual stress which may cause mechanical fractures after the 

thermally drawn fiber cooled down.  

 

Last, all the materials should be chemically stable without decomposition or 

interpenetration. Also, chemical reactions should be avoided to ensure a steady and 

continuous drawing process. 

 

These criteria above are general guidelines based on previous experiences. A deeper 

understanding of rheology dynamics will be helpful to find out the properties that 

govern the compatibility with the thermal drawing technique. Recently, Y. Qu et al. 

put forward a rheological criterion to evaluate if a thermal plastic material can be 

thermally drawn at high viscosity by analyzing the complex shear viscosity, storage 

moduli (G′), and loss moduli (G′′) of the materials [208]. They observed that a 

material can be drawn at high viscosities in the viscous regime if there is a 

temperature window where G′ shows a rapid decrease while G′′ decrease slowly as 

the temperature increase. For example, the commonly used thermoplastic material 

polycarbonate (PC) fits well with this criterion (Figure 2-5c). Following this 

rheological criterion, they found a high elastic copolymer, SEBS, should be suitable 

for the thermal drawing process, as the rheology properties shown in Figure 2-5d. 

And the first thermally drawn elastomer fiber was fabricated, indicating the 

expansion in the material range of thermal drawing technique. Combining the 

elastomer material with functional materials and hybrid architectures, various soft 

and stretchable electronic devices were achieved in their following works.  

 

Modified thermal drawing process 
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In addition to finding new materials follow the criteria for material selection and 

exploring diverse applications based on the typical thermal drawing technique, 

researchers are also trying to modify the thermal drawing process for including more 

materials beyond the general guidelines to further extend its application range.  

 

Figure 2-6. Convergence thermal drawing process for incorporating commercial planar devices 

[108]. (a) Preform structure and thermal drawing process. (b) Side view of the fiber with a LED device. 

(c) Schematic of the heart-rate measurement setup. (d) Measured signal of the photodetecting fiber 

(black curve) and a commercial pulse sensor (red curve). 

A convergence thermal drawing process was reported in 2018 by Y. Fink et al. to 

incorporate materials that will not melt or become soft under the thermal drawing 

temperature [108]. As presented in Figure 2-6a, the rigid commercial semiconducting 

devices are included in the preform at the prescribed position. And tungsten wires are 

fed into the channels continuously during the thermal drawing process. As the lateral 

size reduced during the neck-down process, the wires and commercial devices will 

be squeezed together and achieve electrical contact, as confirmed by scanning 

electron microscope (SEM) images in Figure 2-6aIII and 2-6b. Therefore, a series of 

commercial devices can be incorporated into fibers and function well. In their work, 

light-emitting diode (LED) and photodetector fibers are demonstrated, and a heart-

rate measurement setup was assembled, as shown in Figure 2-6c, d. This modified 

thermal drawing process bridges the thermal drawing technique and the numerous 
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planar semiconductor devices, providing a path to large scale integration of functional 

devices in fibers.  

 

Some other works [107, 209] also reported modified thermal drawing techniques and 

showed new applications which will not be discussed in detail here. These efforts in 

modifying the thermal drawing process and exploring new compatible materials and 

fiber architectures enable tremendous possible combinations of materials and 

architectures in fibers for countless applications.  

 

2.1.3 Applications of Thermally Drawn Fibers 

 

Driven by the urgent demand for developing fiber-based devices for wearable 

electronics and smart fabrics, thermal drawing technique is experiencing a rapid 

development owing to its unique advantages including good compatibility with a 

wide range of materials, sophisticated fiber architectures, and high scalability. Over 

the last few decades, this technique has evolved from mostly producing optical fibers 

to offering multimaterial and multifunctional fibers for an abundance of applications. 

In this section, the applications of the thermally drawn fibers in diverse fields will be 

briefly reviewed. 

 

Photonic bandgap fibers 

PBG fibers are a kind of optical fiber that can guide light by photonic bandgap effect, 

which is different from the conventional optical fibers that guide light by total internal 

reflection [196]. Bragg fibers are fabricated in the early stage of the development of 

hollow-core PBG fibers [210]. Such Bragg fibers usually consist of a hollow core and 

an alternating multilayered structure at the inner surface formed by two materials with 

a large difference in refractive index, such as polyethersulfone (PES) and As2Se3 

[182], as demonstrated in Figure 2-7a, b. As a photonic bandgap is formed by the 

periodic alternating layers, light with specific frequency will be confined inside the 

hollow core and transmit along the fiber. This specific frequency is tunable by simply 

changing the thickness of each layer. Figure 2-7c shows fibers with different specific 

frequencies achieved from the same preform by controlling the outer diameter of the 
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fibers during the thermal drawing process [211]. Besides the scalability of 

wavelength, another significant advantage of this Bragg fiber is the low loss as the 

light is transmitted in the air other than solid fiber materials. The reported loss of the 

PBG fiber with a fundamental bandgap at 10.6 m is 0.95 dB/m (Figure 2-7d), which 

is much lower than the state-of-art photonic crystal fiber whose loss is 2.1 dB/m [212].  

 

Figure 2-7. PBG fibers [182, 211, 213-215]. (a) Cross-sectional SEM images of hollow core PBG 

fiber mounted in epoxy. (b) Multilayer structure constructed from PES and As2Se3. (c) Different 

specific frequencies achieved from different layer thicknesses. (d) Transmission spectrum of a hollow 

PBG fiber. (e) PBG fiber with a hollow core surround by several rings of small air holes. (f) PBG fiber 

with a hollow core surround by a periodic array of air holes. (g) All-solid PBG fiber. 

Besides the hollow-core Bragg fibers constructed from two different materials, there 

are some other types of PBG fibers [201, 216, 217]. As shown in Figure 2-7e, instead 

of using materials with different refractive index to form a multilayered structure, the 
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dielectric layers can also be formed by rings of air holes separated by nanoscale 

support bridges [213, 218]. Such dielectric rings will form the photonic bandgap to 

guide light in the hollow core, whose refractive index is smaller than the surrounding 

cladding material. Moreover, the photonic bandgap could also be formed from a 2D 

periodical array of air holes in a dielectric material (Figure 2-7f), which has been 

widely studied as another type of PBG fibers since it was first demonstrated in 1998 

[196, 214, 219, 220]. Additionally, the PBG fiber with a 2D periodical array can also 

be formed without air holes but with high-index rods in low-index background, as an 

all-solid PBG fiber shows in Figure 2-7g [215, 221].  

 

The fundamentally different light guidance mechanism from total internal reflection 

enables PBG fibers numerous intriguing optical properties, such as ultralow optical 

nonlinearity, low latency, high damage threshold [201]. These advantages enable the 

PBG fibers a series of applications such as cylindrical optical resonators [222, 223], 

high-power laser transmission [182, 224], surface-emitting fiber lasers [163], gas 

sensing [225, 226], and particle guidance [227, 228]. 

 

Optoelectronic fibers 

The ability to incorporate conductors and semiconductors enables the interaction 

between electric field and light in fibers, leading to the development of optoelectronic 

fibers. Compared to the rigid wafer-based optoelectronic devices, optoelectronic 

fibers are soft, large area, and not limited to planar configurations. Since the first 

multimaterial photodetecting fiber is demonstrated in 2004 [110], numerous 

optoelectronic fibers are developed for photodetecting [229], imaging [230], optical 

communicating [108], etc. 
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Figure 2-8. Thermally drawn optoelectronic fibers [202, 229]. (a) SEM image, (b) schematic, and 

(c) testing circuit of a photodetecting fibers. (d) Lensless imaging net constructed from photodetecting 

fibers. (e) Reconstructed images from the detected signals. (f) Schematic of a chemical sensing fiber 

for hazard vapors. (g) Sensitivity measurements of the chemical sensing fiber. (h) Concept drawing 

for remote and distributed sensing using the chemical sensing fibers. 

 

A typical structure of photodetector fibers including semiconductor and paired 

electrodes is shown in Figure 2-8a [229]. Chalcogenide glass including Se97S3 and 

As40Se49Te11Sn5 is often employed as the photosensitive semiconductor and the 

electrode is Tin (Sn) or other low melting point alloys according to the cladding 

material.  The resistance of the semiconductor will decrease when illuminated by 

external light. And the current will change if a voltage is applied to the electrodes. As 

shown in Figure 2-8b, c. Also, the direction of light can be distinguished by analyzing 

the current signal from different electrode pairs. Based on this photodetecting fiber, 

various sensing and imaging system are demonstrated. Figure 2-8d presents a lensless 
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imaging net constructed from 32 * 32 fibers. After a letter “E” is illuminated on the 

net, different response signals will be generated on different fibers according to their 

illuminated areas. Then the image can be reconstructed by coupling the signals from 

all the fibers in the net, as shown in Figure 2-8e.  

 

Chemical sensing is also realized in optoelectronic fibers [202]. The cross-sectional 

structure can be found in Figure 2-3g. This chemical sensing fiber comprises 2 

photodetecting units and a hollow core. The inner surface of the fiber is coated with 

a chemiluminescent material. Therefore, when the hazardous vapors enter the hollow 

core, light will be emitted from the chemiluminescent material and detected by the 

photodetecting units as sketched in Figure 2-8f. This work achieved a high 

concentrate resolution of 10 ppb, paving the way for remote and large area sensing 

(Figure 2-8 g, h).  

 

Electronic fibers 

Besides optoelectronic fibers, an abundance of other electronic fibers have been 

exhibited for extensive applications such as motion sensing [208], thermal sensing 

[122], actuating [172], field-effect-transistors (FETs) [169], microfluidics [231], 

energy storage [232, 233], and energy harvesting [115]. Instead of going through all 

these applications, this sub-section will focus on motion sensing and energy-related 

applications in this subsection.  
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Figure 2-9. Electronic fibers for motion sensing [113, 208]. (a) SEM image of fiber with cantilever-

like structure. (b) Measured position versus real position of applied pressure. (c) A stretchable fiber 

for strain sensing. Its capacitance and resistance change with the strain. (d) The stretchable fiber 

applied to strain sensing fabrics and a robot finger. 

Motion sensing is an essential function for smart fabrics or artificial skin to “feel” the 

external mechanical stimuli. To effectively couple electronics and mechanics in a 

single fiber, both the fiber architecture and material should be specially designed 

according to the application scenario. T. Nguyen-Dang et al. designed a fiber with a 

cantilever-like structure (Figure 2-9a) for detecting and localizing pressure along the 

entire fiber length [113]. Carbon-loaded polycarbonate (CPC) is a conductive 

polymer that served as the cantilever. The CPC cantilever will bend under pressure 

and contact the other CPC domain below it. In this work, one electrode is connected 

to the CPC cantilever at the end of the fiber. And the other electrode is connected to 

the other CPC domain (below the CPC cantilever) at the same end of the fiber. Once 

the pressure is applied to the CPC cantilever at an unknown point, the CPC cantilever 

will contact the other CPC domain and forms a close loop between the two electrodes. 

Hence, the resistance between the two electrodes at the fiber end can be measured. 

The larger the distance between the fiber end and the pressed point, the larger the 

resistance between the two electrodes. Thus, after the relationship between the 

distance and the resistance is calibrated, the location of the pressed point can be 
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identified by the measured resistance. As the resistivity of CPC is much higher than 

metals, a small position different will result in large resistance difference, leading to 

high positioning accuracy. The experimental results in Figure 2-9b displaying an 

excellent agreement between the actual position and measured position. Another 

example [208] is a strain sensing fiber-based on a superelastic material, SEBS. As the 

SEBS fiber can be stretch to more than 500% of its original length, a highly 

deformative liquid metal is used as the electrode. There are 2 parallel channels filled 

with liquid metal inside the fiber, as shown in Figure 2-9c. When the fiber is stretched, 

the distance between the channels will decrease while the length of the channels will 

increase, causing changes in both capacitance and resistance. Thus, the strain can be 

calculated by the change of capacitance or resistance. This strain sensing fiber is then 

applied to straining sensing fabrics and robot finger, as demonstrated in Figure 2-9d.  

 

Figure 2-10. Electronic fibers for energy storage and energy conversion [171, 232, 233]. (a) A 

fiber capacitor with multiple bilayers. (b) The capacitance of the fiber with different folds as a function 

of fiber length. (c) A cylindrical fiber with increased capacitance. (d) The cross-section SEM images 

of a fiber actuator. Scale bars on top, bottom left, and bottom right are 100, 20, and 2 μm, respectively. 

(e) The resonance frequency of the fiber actuator as a function of fiber width. (f) Oscillation amplitudes 

for on and off-resonance frequency points. 

Flexible fiber-based energy storage and energy conversion devices are also of great 

importance as the portable wearable electronics and smart fabrics are not compatible 

with the centralized power supply system. A thermally drawn fiber for energy storage 

was developed by folding multiple bilayers comprising PVDF as the dielectric layer 

and carbon-loaded polyethylene (CPE) as the electrode layer as shown in Figure 2-

10a [232]. This capacitive response reached 20 kHz and the capacitance increased to 

47 nF/m when 6 folds of PVDF layer were integrated into a single fiber Figure 2-10b. 
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The capacitance was further increased to 100 nF/m by a swiss-roll structure 

cylindrical fiber (Figure 2-10c). And this cylindrical fiber showed the ability to serve 

as a 1D touch sensor and 2D touchpad sensor when woven into fabrics [233]. As for 

energy conversion, several multimaterial piezoelectric fibers were fabricated since 

2012 [117, 171, 172]. P(VDF-TrFE) and P(VDF–TrFE–CFE) are usually used as 

piezoelectric thin film sandwiched by CPE, as shown in Figure 2-10d [171]. The 

piezoelectric fibers can act as actuators under electrical stimulation as the fiber 

resonance. And the resonance frequency is adjustable by the fiber width, as shown in 

Figure 2-10e, f. These piezoelectric fibers can also act as an energy harvester by 

generating voltage signals under vibration such as acoustic waves [117]. Additionally, 

energy harvesting fibers have been achieved based on other effects such as 

photoelectric [234], triboelectric [235], and thermoelectric [115]. 

 

Fibers for micro/nanofabrication 

In the applications introduced above, the as drawn fibers are directly used as 

functional devices. While in some other applications, thermally drawn fiber can also 

serve as a platform for postprocessing including new material synthesis [234, 236-

238] and micro/nanoparticle fabrication [95, 239-241]. 

 

High-pressure chemical vapor deposition (HPCVD) process was firstly reported in 

2006 for depositing germanium (Ge) inside capillaries [242]. As sketched in Figure 

2-11a, precursors mixed with carrier gases flow through the air channel inside a fiber. 

The high temperature at the required location induce the decomposition of the 

precursors and depositing the desired material on the wall of the air channel. As the 

surfaces of the thermally drawn fiber are extremely smooth [243] and the inner 

diameter of the air channel is small enough (10-8 to 10-4 m) to sustain a high pressure 

in MPa level, the desired material can be deposit at a high speed with a low scattering 

interface on the channel wall. Layered structure with different materials can be 

deposited in the same channel by changing the precursor and channels with different 

materials integrated into a single fiber is achievable from a template fiber with 

complex architecture such as PCF. As shown in Figure 2-11b-e, many functional 

materials including platinum (Pt), zinc selenide (ZnSe), and silicon (Si) have been 
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deposited inside fibers via HPCVD process for various applications in photodetection, 

fiber amplifiers, optical communications, etc. [234, 236, 238] 

 

Figure 2-11. In-fiber micro/nanofabrication [234, 236, 238, 240, 244]. (a) Schematic of high-

pressure chemical vapor deposition based on optical fiber. (b) Si and Pt, (c) ZnSe, and (d) p-i-n 

junction based on Si deposited at fiber core. (f) Schematic of micro/nanosphere fabrication via 

Instability induced breakup. (g) Spheres with different size are fabricated under different feeding 

speeds. (h, i) Selective breakup for in-fiber device assembly.  

Moreover, an interesting approach for the mass production of micro/nanospheres 

with precise diameter was developed in 2012 [239]. This process starts with 

fabricating an axially uniform fiber with a core-cladding structure through the thermal 

drawing process. And then the fiber is heated above the glass transition temperature 
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of the cladding material by fed into furnace, flame, or laser spot at a constant speed 

[95, 239, 240]. During the heating process, the cladding material will become soft 

and Plateau-Rayleigh instability-induced breakup will occur in the molten core 

material driven by the surface tension, forming a series of spheres in the fiber core, 

as presented in Figure 2-11f. And spheres with different sizes and periods can be 

precisely controlled by adjusting the feeding speed and core diameter (Figure 2-11g). 

Many further developments have been demonstrated based on this approach. For 

example, a p-n junction can be assembled by postprocessing a double-core fiber [240]; 

the location of the spheres inside the fiber can be further adjusted by laser 

manipulation [245]; and a selective breakup method (Figure 2-11h, i) is developed 

for in-fiber device assembly [244]. These works show numerous potential 

applications such as photodetecting, drug delivery, and tunable optical scattering. 

 

Fibers as multimaterial filaments 

Instead of weaving the thermally drawn fibers into fabrics, G. Loke et al. suggested 

another solution for further integrating the multimaterial function fibers by using the 

fibers as filaments for 3D printing [246]. Two filaments are demonstrated in their 

work. One is fiber with 0D light-emitter prepared by thermal drawing process and 

subsequently laser-induced capillary breakup, as the detailed structure shown in 

Figure 2-12a. The other one is 1D photodetector fiber consists of PC cladding, CPE 

electrode, and As2Se5 semiconductor (Figure 2-12b). To preserve the functionalities 

of the filament, a filament surface heating technique is introduced (Figure 2-12c). 

Only the outermost surface of the filament will be molten to serve as an adhesive 

promoter while the inner structure will be maintained during the 3D printing process. 

Thus, disparate 3D light-emitting displays and photodetecting sensors are constructed 

(Figure 2-12d-f). As the structures are constructed from a single fiber, its electrical 

connection and functional materials will remain continuous. For the photodetecting 

globe shown in Figure 2-12g, the 3D coordinate of the point on the globe can be 

transformed into a 1D distance on a fiber (Figure 2-12h). Therefore, the illuminated 

position on the structure can be reconstructed from the electrical signal generated in 

the fiber. Furthermore, a bifunctional light emitting and light detecting airplane wing 

for structural detecting is demonstrated, illustrating that different filaments can be 
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integrated into one structure through this process. Combining with the diverse 

thermally drawn fibers reported in previous works, this 3D printing approach will 

fulfill a wide range of application needs by embedding multifunctional devices into 

customized 3D structures. 

 

Figure 2-12. Fibers as multimaterial filaments for 3D printing [246]. (a) 0D light emitter and (b) 

1D photodetector incorporated in fibers as filaments. The corresponding cross-sectional structures of 

the two fibers are shown in the enlarged micrographs. (c) The filaments are fed into a 3D printer to 

construct various structures. (d) Light-emission and (e) photodetection are realized in the entire 

structure. (f) Photograph of a light-emission cylinder. (g) Photodetecting globe and the schematic of 

the experimental setup. (h) A 3D coordinate of a point on the globe can be transformed into a 1D 

distance on a fiber. 

Not limited to the applications reviewed above, many other promising functionalities 

of thermally drawn fibers were also widely studied in disparate fields such as artificial 

muscle [103], neural interface [118], and radiation detecting [247], which will not be 

introduced here. In view of this thermal drawing technique’s unique advantage in 

materials and architectures compatibility, it can be envisioned that more and more 
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functionalities will be highly integrated into a single fiber-based device. Also, the 

underlying science will push many fundamental research areas forward including 

material processing, rheology, fluid mechanics, and interfacial science.  

 

2.1.4 Thermally Drawn Fibers for Thermal Sensing 

 

As one objective of this thesis is to develop thermal sensing fabrics based on 

thermally drawn fibers, thermal sensing fibers are picked out from other applications 

and discuss them in detail here. The functional material in previously reported 

thermally drawn fiber for thermal sensing can be roughly divided into two categories. 

One is thermistors and the other one is thermoelectric materials.  

 

Thermal sensing fibers based on thermistors 

A thermistor is a type of material whose resistance depends on temperature, which 

has been widely used in thermal sensing and current regulating. Thermistors with 

negative temperature coefficient (NTC), whose resistance decreases as temperature 

increases, is mostly utilized among all the thermistor-based thermal sensors because 

of their high accuracy and long-term stability.  

 

Figure 2-13. SEM images of thermal sensing and light guidance fiber [128]. (a) The cross-section 

of the entire fiber. (b) Thermal sensing unit consists of metal and semiconductor. (c) Alternating 

As2Se3/PES layers form a PBG structure for light guidance. (d) Enlarged image of the box in (b) 

showing the insulator-semiconductor-metal interface. 
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The first thermal sensing fiber was demonstrated by M. Bayindir et al. in 2005 [128]. 

As the structure shown in Figure 2-13, it comprises both a hollow-core PBG structure 

for carbon dioxide (CO2) laser transmission and three thermal sensing units based on 

Sn as the electrode and Ge15As25Se15Te45 (GAST) thin film as the thermistor. The 

thermal sensing performance is first measured by placing the fiber inside a furnace. 

The resistance is then measured under a temperature range from room temperature to 

120 °C, as presented in Figure 2-14a. And the IV curves in Figure 2-14b illustrate 

that the ohmic contact between the electrodes and the chalcogenide semiconductor 

GAST is formed under both high and low temperatures. The PBG diagramed of this 

fiber (Figure 2-14c) is calculated subsequently. An omnidirectional bandgap near 

10.6 m (emission wavelength of CO2 laser) is observed. And this result is confirmed 

by transmission spectrum measurement shown in Figure 2-14d. Hence, a real-time 

defect monitoring fiber for high-power optical transmission is achieved by combining 

the two functionalities of this fiber. As shown in the thermal image (Figure 2-14e), a 

localized defect will lead to the leakage of high-power laser and induced the increase 

of localized temperature. This temperature change will be detected through real-time 

current measurement, achieving failure prediction and prevention (Figure 2-14f). 

 

Figure 2-14. thermal sensing performance and optical properties of the fiber [128]. (a) Measured 

resistivity as a function of temperature. (b) The IV curves of the fiber under high and low temperatures. 

(c) The calculated band diagram of the hollow PBG fiber. (d) The transmission spectrum of the hollow 

PBG fiber. (e) Thermal image of a fiber carrying CO2 laser with a single defect. (f) Measured currents 

as a function of dissipated laser power for both defect-free fiber and single defect fibers. 

Another thermal sensing fiber was developed based on a similar chalcogenide 

semiconductor but a different inner structure [122]. As the schematic shows in Figure 
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2-15a, the Ge17As23Se14Te46 thermistor rod serves as a solid core surrounded by four 

Sn96Ag4 alloy electrodes. Compared to the thin film semiconductor introduced above, 

this configuration includes two pairs of parallel electrodes and a thermistor with a 

larger cross-section area, which can reduce the resistance between the electrodes. 

Thus, the applied voltage can be reduced and the current is increased for easier 

detection. The resistance as a function of temperature measurement is conducted for 

both bulk GAST sample before thermal drawing and fiber sample after drawing as 

plotted in Figure 2-15b. The results for both samples show a similar trend under 

different temperatures except the resistance, proving the stability of GAST. Also, the 

IV curves of both the hot fiber sample and cold fiber sample present good ohmic 

behaviors, indicating an intimidating contact between electrodes and the 

semiconductor. Moreover, the temporal response of the fiber is measured by heated 

in hot water and cooled by liquid nitrogen (Figure 2-15d). A thermal sensing fabric 

is further demonstrated by embedding the fibers, where both localized heating and 

cooling are successfully mapped. This work shows its capability towards large-area 

and flexible sensing systems at high spatial resolution. 

 

Figure 2-15. Thermal sensing performance of the 4-electrode-fiber [122]. (a) The fiber is 

connected to a circuit for electrical measurement. (b) The resistance of the bulk and fiber as a function 

of temperature. (c) IV curves of the fiber under hot (58 °C) and cold (11 °C) conditions. (d) Temporal 

responses of the fiber under heating and cooling. 

Thermal sensing fibers based on thermoelectric materials 
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Thermoelectric materials are materials showing a strong thermoelectric effect, which 

can generate electrical potential under temperature difference and vice versa. The 

basic principle is that the concentration of the charge carriers in the high-temperature 

side is higher than that in the low-temperature side, causing the diffusion of charge 

carriers [248]. This effect is usually used in power generation, refrigeration, and 

thermal sensing. Unlike thermistors, thermoelectric materials can generate voltage 

themselves without external power supply.  

 

Figure 2-16. Flexible thermoelectric fibers for thermal sensing [115]. (a) Schematic of thermally 

drawing the thermoelectric fiber. (b) The flexibility of the ultralong fiber. (c) Cross-sectional SEM 

image of the fiber architecture. (d) Setup for thermal sensing performance measurement. (e) Generated 

voltage as a function of temperature difference under different fiber configurations. 

Thermoelectric fibers based on crystalline semiconductors and chalcogenide glass 

have been fabricated by T. Zhang et al. in 2017, as shown in Figure 2-16a-c [115]. 

The resulting fibers are ultra-long and flexible in contrast to the bulk thermoelectric 

crystal. And p-type Bi0.5Sb1.5Te3 and n-type Bi2Se3 are utilized as thermoelectric 

cores to prepare the glass-cladding fibers, respectively. The generated voltage as a 

function of temperature difference is measured, showing the Seebeck coefficients of 

the p-type and n-type thermoelectric fibers are around 150 V/K and 92 V/K, 

respectively (Figure 2-16d, e). And higher output voltage can be achieved by 

connecting p-type fibers and n-type fibers in series. This fabricating process is also 

compatible with many other thermoelectric materials ranging from such as SnSe, 

In4Se3, SiGe, etc., providing more possibilities in fiber architecture designing and 

material selection. Moreover, another work [129] has reported that the performance 
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of the thermoelectric fibers can be further enhanced by annealing after the thermal 

drawing process. 

 

Figure 2-17. Applications of the thermoelectric fiber [115]. (a) A thermoelectric pipe produces 

electricity when cold water flows through. (b) Measure output voltage and power density as a function 

of temperature difference for 7 pairs of p-type and n-type fibers. (Inset: Simulated output power with 

different numbers of pairs of p-type and n-type fibers under a temperature of 40 K). (c) Photograph 

and thermal image of a cooling fabric. (d) Simulated and measured temperature drop under different 

input current. 

Thermoelectric generators and wearable cooling fabric are constructed based on 

thermoelectric fibers. The flexible thermoelectric fibers can be wrapped on curved 

surfaces such as pipes and cups to generate electricity from the temperature difference. 

As shown in Figure 2-17a, b, 5 pairs of p-type and n-type fibers are connected in 

series, achieving a power density in mW/cm2-level under a temperature of 50 K. 

Likewise, 2 pairs of thermoelectric fibers are woven into a fabric to form a wearable 

cooling device. As a result, a maximum cooling temperature of 4.9 °C is achieved 

when a current of 3.5mA is applied. These demonstrated applications reveal the 

thermoelectric fibers’ capability in self-powered large-area thermal sensing, personal 

thermal management system, electronic skin, and smart fabrics. Considering that the 

glass fiber is still fragile and needs extra care when operating, further development 

can be made by seeking high-performance thermoelectric material with low 



36 
 

processing temperature for fabricating polymer-based thermoelectric fibers, which 

will be discussed in Chapter 3. 

 

2.2 Fiber-Based Wearable Triboelectric Nanogenerators 

 

Triboelectric effect is a natural phenomenon that two different materials will be 

electrically charged after friction with each other. The principle is that different 

materials possess different abilities to confine its surface electron, causing the 

electron transfer from a weak confinement surface to a strong confinement surface 

after contact-and-separation. Many phenomena in our daily life are based on the 

triboelectric effect. For example, dust can be easily absorbed on charged electrical 

fans because of the friction between the fan and the air; removing a nylon shirt or 

sweater may generate sparks; a balloon can be attached to the window after rubbed. 

As the accumulated triboelectric charge will generate a high voltage on insulating 

surfaces, a sudden discharge may occur and cause harmful consequences, such as the 

breakdown of electronic components and the possibility of explosion in flammable 

areas. Therefore, in most cases, people are trying to avoid triboelectrification 

historically. 

 

Noticing that the charges generated by triboelectrification possess high localized 

charge density and high voltage which may be used as an energy source, in 2012, 

Prof. Zhong Lin Wang’s group developed the first TENG to generate electricity by 

harvesting mechanical energy from the environment based on the coupling effect of 

triboelectrification and electrostatic induction [249]. As the mechanical energy from 

the environment is widespread, continuous, and independent, while the TENGs is 

lightweight, environment-friendly, low cost, and can be easily driven by a very weak 

force from disparate forms including vibration [250-252], wind [253-255], sound 

[256-258], and tide [259-261], TENG is considered as an effective device to harvest 

the usually wasted mechanical energy from its surroundings and experiencing rapid 

development since the first TENG reported. So far, diverse TENGs have been 

developed, which is not only for powering different devices [262-264], but also for 

self-powered sensing tasks, e.g., motion tracking [265-267], environmental sensing 
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[268-270], and physiological monitoring [271-273]. In this section, the categories, 

working mechanism, and performance improvement of the TENGs will be introduced 

as well as fiber-based wearable TENGs.  

 

2.2.1 Introduction to Triboelectric Nanogenerators 

 

Basically, TENGs consist of insulating dielectric material and conducting electrode 

material. Triboelectric charges will generate on dielectric materials and induction 

charges will generate on electrodes after friction. According to the structure and the 

direction of the driving force, TENGs can be divided by 4 operation modes (Figure 

2-18): (a) vertical contact–separation (CS) mode, (b) lateral-sliding (LS) mode, (c) 

single-electrode (SE) mode, and (d) freestanding triboelectric-layer (FT) mode. Both 

CS mode [146, 249, 274] and SE mode [275-278] are driven by a force that is 

perpendicular to the friction layers to make the 2 dielectric material contact and 

separate repeatedly. The difference between them is that the SE mode TENG only 

has one electrode and use the ground as the other electrode. The TENGs driven by 

perpendicular force are often used in harvesting energy from pressing, bending, 

vibrating, and so on [279-281]. The other two modes, LS mode [282-284] and FT 

mode [285-287], are driven by a force that is parallel with the friction layers. The 

difference is that the two electrodes of FT mode TENG are built on the same dielectric 

material but different segments, while the other dielectric material can move freely. 

The TENGs driven by parallel force are more suitable in sliding movements, 

including reciprocating and rotational energy harvesting [283, 288, 289].  
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Figure 2-18. Four operation modes of TENGs. (a) Vertical contact–separation (CS) mode, (b) 

lateral-sliding (LS) mode, (c) single-electrode (SE) mode, and (d) freestanding triboelectric-layer (FT) 

mode. 

The detailed working mechanism of TENGs driven by perpendicular force will be 

discussed in the following chapters. Here, a TENG driven by parallel force is taken 

as an example to explain the working principle. As shown in Figure 2-19a, same 

amount of positive charge and negative charge will generate on the surfaces of 

dielectric material 1 and 2 respectively after friction. At this stage, the induction 

charge on the electrodes is negligible because the positive charge and negative charge 

are so close to each other that they will not influence the electrical potential on 

electrodes. When a parallel force drives the upper part slide to the right, the negative 

charge and positive part will not overlap, leading to the electrical potential of 

electrode 1 increases while the potential of electrode 2 decreases. As the two 

electrodes are connected through an external circuit, a current will flow from 

electrode 1 to electrode 2 through the external load (Figure 2-19b). The current will 

continue flowing as the upper part moving to the right until the two dielectric layers 

are totally separated. Hence, the negative induction charge will generate on electrode 

1 and the positive charge will generate on electrode 2 (Figure 2-19c). Similarly, when 

the parallel force drives the upper part move back, a reverse current will flow from 

electrode 2 to electrode 1 through the external circuit (Figure 2-19d) till the TENG 

finally reach its original state to finish a working cycle. As the parallel force drives 

the dielectric layers separating and overlapping repeatedly, the current will flow forth 
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and back repeatedly, forming an alternating current in the external circuit. Thus, 

mechanical energy is harvested and transformed into electricity.  

 

Figure 2-19. The working principle of TENGs driven by a parallel force. 

 

2.2.2 Approaches to Enhance the Output Performance of Triboelectric 

Nanogenerators 

 

As an energy harvesting device, TENG’s output performance is of vital importance. 

According to its working mechanism introduced above, increasing the density of the 

induction charges should be the fundamental solution to enhance the output 

performance of all kinds of TENGs. To date, many attempts have been reported to 

enhance the performance of TENG, which can be roughly categorized into 4 

approaches.  
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Figure 2-20. (a) triboelectric series of some common materials [290]. (b) Schematic of a TENG 

with surface structure on the friction layer. (c) The output performance of TENGs with different 

surface structures [147]. 

The first approach is to select the right dielectric materials. Different materials will 

behave different tendencies in losing or trapping surface electrons. For example, 

metals are easy to lose electrons while fluoropolymers such as PVDF and 

polytetrafluoroethylene (PTFE) possess a strong ability to trap electrons. Therefore, 

choosing the proper materials could help the electron transfer and achieve higher 

charge density during the friction process. The material selection for dielectric 

materials may refer to the triboelectric series [290], which ranks the materials by the 

polarity of charge separation after rubbing with other materials, as listed in Figure 2-

20a. A general guideline is to select one dielectric material towards the bottom of the 

series and the other material towards the top. Besides the triboelectric polarity, Y. 

Kim et al. studied the influence of the material’s relative permittivity on TENG’s 

performance [290]. As a result, TENG’s performance shows an increasing tendency 

with the material’s relative permittivity increases using PTFE as another dielectric 

material. This may also be a criterion when choosing positive tribo-materials.  

 

The second approach is to create micro/nanostructures on the surface of dielectric 

materials. Micro/nanostructures can effectively increase the surface area and friction, 

leading to a high triboelectric charge density. As shown in Figure 2-20b, c, different 
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surface structures including lines, cubes, and pyramids were fabricated on PDMS as 

a dielectric layer. And considerable performance improvement is observed when 

comparing the output voltages of TENGs with different surface structures. So far, 

numerous methods [291-293] have been employed to fabricate micro/nanostructures 

and enhance the TENG’s performance, such as lithography, self-assembly, and 

thermal imprint. 

 

Figure 2-21. Improved device structure and charge injection to enhance the performance of 

TENGs [149, 294, 295]. (a) TENG with 3D multilayered structure. (b) The output performance of the 

TENG with different stacking layers. (c) Introducing a simple TENG as a “charge pump” for the 

TENG with a multilayer structure. (d) Enhancing the performance of the TENG by directly injecting 

charges into the dielectric materials. 

The third approach is to design the device structure, such as the multilayered 

interdigital structure [296] and 3D integration [295]. For example, a TENG with a 3D 

multilayered structure is demonstrated in Figure 2-21a, b. As the single layer can be 

as thin as several hundreds of micrometers, tens of layers can be stacked together 

within a reasonable device thickness. By connecting the electrodes in parallel, the 

amount of the induction charge is greatly increased with the number of the friction 

layers increased. Besides simply stacking layers, a new device configuration 

including 2 parts of TENG was developed recently [294]. As shown in Figure 2-21c, 

this configuration employs one TENG as a “charge pump” to pump charge into the 

other TENG, part II. A much higher induction charge density can be achieved by 

introducing a well-designed multilayer structure of part II to coordinate the pumped 
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charge and triboelectric charge. A charge density of 1020 C/m2 is achieved under 

this configuration, which is the highest charge density achieved up to now [297]. 

 

The last approach is to inject charges directly into the dielectric materials. Instead of 

focusing on the surface charge of the dielectric materials, several attempts have been 

reported to inject charges directly into dielectric materials before friction by high 

voltage, plasma, ion radiation, etc. [149, 298, 299]. The injected charges will work 

along with the triboelectric charge to further enhance the TENG’s performance. As 

shown in Figure 2-21d, state I is the TENG before charge injection, state II is the 

TENG in which charges with opposite polarity compared to the dielectric materials 

are injected, and state III is the TENG in which the same polarity charges are injected. 

A large enhancement of the output performance is observed comparing state III to 

state I. Additionally, the output signal in state II is reverse of state I, showing that the 

amount of the injected charges may higher than that of the triboelectric charges. 

 

After years of effort, the output performance of TENG has been significantly 

enhanced compared to the first reported TENG. The output voltage has reached more 

than 2000 V [300] and the current reached the level of mA [301]. So far, the area and 

volume peak power density have reached 500 W/m2 and 15 MW/m3, respectively 

[302]. And a TENG with an instantaneous energy conversion efficiency of 70.6% has 

been demonstrated [303]. Such a high output performance strongly supports the 

further applications of TENG in various fields.  

 

2.2.3 Fiber-Based Wearable Triboelectric Nanogenerators 

 

Benefiting from their merits like wide material selection, flexible structure design, 

durable, and low driving force, TENGs are regarded as promising devices to work 

independently for powering dispersed portable devices. Noticing that the human body 

is also a continuous mechanical energy source and fabrics are indispensable in our 

daily life, developing fiber-based TENGs and weaving them into fabrics have 

attracted intensive studies [304-310]. The converted electric energy from human 

motion energy could conveniently power the daily used portable devices. 
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Alternatively, the electric signal could also be used for interaction between the 

external environment and the human body, i.e., using TENG as a self-powered 

sensing device [311] or inputting device [312].  

 

 

Figure 2-22. Various fabrication processes of fibers for SE mode and CS mode TENGs [313-317]. 

(a) Fiber with core-shell structure by depositing materials layer by layer. (b) Winding a non-stretchable 

fiber around a stretchable core to achieve stretchable SE mode TENG. (c) A coaxial structure formed 

by a twisted fiber bundle with deposited materials. (d) Assemble two electrodes in a single fiber to 

achieve a fiber-based TENG working under CS mode. (e) Integrating two SE mode fibers to achieve 

a CS mode fiber. 

Fabrication of fibers 

The fibers for TENGs are commonly fabricated via depositing materials on fiber 

cores or combining different fibers by twisting and winding. A simple core-shell 

structure is shown in sketch 2-22a [313], this fabrication process always employs a 

solid fiber or hollow tube as the template and subsequently deposits electrode or 

dielectric materials layer-by-layer through coating, sputtering, electrochemical 

deposition, etc. However, such core-shell fibers are not stretchable in most cases. A 

stretchable structure can be achieved by winding a non-stretchable fiber around a 

stretchable core followed by coating a dielectric layer (Figure 2-22b) [314]. 

Additionally, coaxial structure was also demonstrated in previous works. As shown 

in Figure 2-22c, a twisted fiber bundle is used as the template [315]. And different 

surface morphology and material can be achieved by the following deposition 
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procedure. Such coaxial structure fibers usually possess a larger surface area and 

higher strength than single-core fibers.  

 

The three fiber structures introduced above only include one conductive core or 

conductive layer. Hence, these fibers will only work in SE mode before woven into 

fabrics. The SE mode fibers are easy to fabricate and their diameters can be very 

small, which is beneficial for further integration. However, the output performance is 

relatively low when working alone without weaving due to the small surface area. A 

CS mode fiber could be achieved simply by winding a Cu wire around a stretchable 

SE mode fiber (Figure 2-22d) [316]. This fiber is driven by stretching force. The inner 

fiber will become finer under stretching. Thus, the outer surface of the inner fiber will 

separate from Cu wire. And the inner fiber will recover to the contact state when the 

stretching force is released. Another kind of CS mode fiber is core-sheath structure 

[317]. The fabrication process can be considered as preparing two SE mode fibers. 

One is a hollow core fiber with a large inner diameter while the other fiber should 

have a smaller diameter to be fitted inside the hollow core and ensure there is a gap 

between two fibers, as shown in Figure 2-22e. This fiber can be driven by pressing, 

vibrating, and bending. In general, the fibers in CS mode have better output 

performance than SE mode fibers. But their diameters are much larger because they 

have to include a gap between the two friction materials. 
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Figure 2-23. Various TENG fabrics fabricated from TENG fibers [311, 318-321]. (a) Directly 

fixing the TENG fibers on a fabric. (b) Stitching TENG fibers into a commercial fabric. (c) Weaving 

TENG fibers into fabrics through textile processing technologies. (d) A 3D orthogonal woven structure 

constructed from TENG fibers and binding yarns. (e) Fabric-based TENG assembled from two 

independent fabrics woven from different TENG fibers. 

Weaving fibers into fabrics 

To enhance the performance and wearability, the fibers above can be woven into 

fabrics through various methods. A wearable TENG fabric could be achieved by 

combining TENG fibers with commercial fabrics. The most direct method is simply 

fixing the two ends of the fibers onto fabric, as illustrated in Figure 2-23a. The energy 

harvesting could be accomplished by the friction between fibers and fabrics [318]. 

However, this configuration is not durable nor stable. A more integrated structure can 

be achieved by stitching the fibers into a common fabric. As demonstrated in Figure 

2-23b, several pairs of carbon nanotube (CNT) fiber and PTFE coated CNT fiber are 

sewing into a commercial knitted fabric to form a single layer wearable power shirt 
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[311]. Alternatively, the fibers themselves could be woven into fabrics through textile 

processing technologies without commercial fabrics. As the example shown in Figure 

2-23c, a plain-pattern fabric is woven from Cu coated polyethylene terephthalate 

(PET) fibers and polyimide (PI)-Cu-PET fibers [319]. And energy harvesting process 

could be achieved by the contact and separation between different fibers under 

pressing or bending. Besides 2D structures, complex 3D structures were also 

demonstrated to provide more spaces in thickness direction for contacting and 

separating processes. As shown in Figure 2-23d, a 3D orthogonal woven structure is 

constructed from conductive fibers, PDMS coated fibers, and non-conductive binding 

yarn [320]. A relatively high output performance is thus achieved because of the 

multilayer structure and enlarged space. Additionally, wearable TENGs could also 

be assembled from multi-fabrics. As shown in Figure 2-23e, PTFE coated silver (Ag) 

fibers and nylon (PA6) coated fibers are firstly woven into fabrics respectively before 

the wearable TENG is assembled [321]. It is worth noting to mention that although 

the TENG fibers used for weaving can only working in SE or CS mode, the TENG 

fabrics woven from these fibers could work in any of the four operation modes. 

 

Applications of fiber-based wearable TENGs 

Countless applications have been demonstrated based on the wearable TENGs. 

Powering electronic devices could be the most basic application. As shown in Figure 

2-24a, a TENG fabric is sewed on a shirt to harvest body motion energy [311]. The 

generated electricity is used to power the wireless temperature sensor on the wrist. 

And finally, the temperature data could be sent to the terminal devices (Figure 2-24b, 

c). Similar applications have been widely developed such as lighting LEDs and 

charging batteries. Apart from serving as power supply, the wearable TENGs are also 

broadly employed as self-powered sensors as the generated electrical signals contain 

some external information. For instance, a stretchable fiber-based TENG fabric is 

exhibited in Figure 2-24d, e [322]. As the TENG fibers are woven in two orthogonal 

directions inside the fabric, the stretching direction could be obtained by analyzing 

the output electrical signals generated from the fibers in both X and Y-axis. Moreover, 

self-powered motion sensing, pressure sensing, physiological monitoring, etc. are 

also frequently demonstrated applications [319, 323, 324]. In addition to function as 
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sensors to collect external information, wearable TENGs is also capable of acting as 

input devices to deliver information from human to machine. Figure 2-24f, g shows 

a self-powered keyboard including 12 units. The press and releasing motion during 

typing could be effectively detected and a corresponding electrical signal will be 

generated and transmitted to receiving devices [312]. 

 

Figure 2-24. Applications of wearable TENGs [311, 312, 322]. (a) Wearable fiber-based TENG 

powering temperature sensor. The TENG harvests energy from body motion and power the wireless 

temperature sensor. (b) Signals transmitted from the sensor and received by the terminal device. (c) 

Visualized temperature information. (d) Stretchable TENG fabric serving as a sensor to detecting force 

direction. (e) The generated signals under different stretching directions. (f) Wearable TENG serving 

as a self-powered input device. (g) The pressing and releasing motion can be reflected in the generated 

signal. 

The numerous and ubiquitous applications reveal the huge potential of fiber-based 

wearable TENGs. Hence, more fascinating applications in diverse fields could be 

expected, especially in smart fabrics and artificial intelligence. However, more 
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sophisticated functions require wider material range and more accurate and complex 

device structure, while current fibers are mostly fabricated by depositing materials on 

existing commercial fibers. These fabrication processes will lead to limited fiber 

structures (layered structure or coaxial structure), poor material compatibility, 

complicate coating process, and low wearing resistance of coated materials, which 

fundamentally hindered the further development of fiber-based wearable TENGs. 

Based on the introduction in Section 2.1, thermally drawn fiber could be a promising 

solution to address these limitations, which will be discussed in detail in the following 

chapters. 

 

2.3 Thermally Drawn Fibers with Patterned Surface 

 

As discussed in Section 2.2.2, creating surface patterns on dielectric materials is 

universal and effective to enhance the performance of TENG. Therefore, thermally 

drawing surface patterned fibers is an indispensable path to realize high-performance 

wearable TENG. Furthermore, creating surface patterns could also endow the fibers 

with many other unique functionalities, e.g., hydrophobic surface, antimicrobial, 

coloration. This section will review current progress in creating surface patterns on 

thermally drawn fibers. 

 

2.3.1 Surface Patterned Fibers Drawn from Patterned Preform 

 

Several attempts have been reported to create surface patterns on thermally drawn 

fibers by far [93, 158-161]. The fabrication processes of these fibers are quite similar. 

They usually start from etching grooves on a macroscopic preform through 

machining, laser etching, or soft lithography. Then the patterned preform is applied 

to the thermal drawing process. During this process, the macroscopic preform will be 

elongated to a microscopic fiber and the width of the grooves will be scaled down 

along with the preform, as sketched in Figure 2-25a [158]. As a result, the patterned 

cylindrical preform is drawn into a star-shaped fiber with tunable diameter, i.e., one-

directional microgrooves along fiber axial direction are achieved on the entire fiber 

surface (Figure 2-25b, c). And the pattern size can be controlled by alternating the 
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preform pattern or adjusting the drawing parameters including preform feeding speed 

and fiber drawing speed. Surface patterns on rectangular fibers are also reported. As 

the SEM images show in Figure 2-25d, e, by thermally drawing a patterned polymer 

bar, microstructure with the size down to several micrometers is created on fiber 

surface [159]. Moreover, this process can be used for creating patterns in the inner 

surface of hollow fiber (Figure 2-25f-h) [160]. Two machined half-preform are 

prepared followed by consolidating to form a hollow preform with inner surface 

pattern. And inner surface patterns with different sizes are achieved after the thermal 

drawing process. 

 

Figure 2-25. Thermally drawn fibers with surface patterns [158-160]. (a) The thermal drawing 

process of a patterned cylindrical preform. (b, c) SEM images of the surface patterned cylindrical 

fibers. (d, e) SEM images of a rectangular fiber with surface pattern. (f) The fabrication process of the 

preform with patterned inner surfaces. (g, h) Inner surface patterned fibers with different sizes. 

Applications of the surface patterned fibers mentioned above are also demonstrated 

in previous works. The periodic microgrooves on the fiber surface could act as a 

diffraction grating [159]. When a monochromatic light is incident on the grating, the 

transmitted light will be split and travel in different directions according to the 

following equation. 

 𝑛𝜆 = 𝐷𝑠𝑖𝑛 𝛼 (2) 

where, n is the diffraction order, 𝜆 is the wavelength, D is the grating period, and 𝛼 

is the diffraction angle. Thus, fiber with a smaller groove period will lead to larger 

different angles, which is observed in the experimental results shown in Figure 2-

26b-e. Since the diffraction angle could also be influenced by the wavelength of the 
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incident light, the white light will be split after reflected by the grating fiber. Hence, 

the fiber will exhibit different colors in different observing direction, achieving 

structural coloration, as demonstrated in Figure 2-26f-h.  

 

Figure 2-26. Applications of surface patterned fibers [159]. (a) Schematic of a fiber patterned with 

periodic microgrooves serving as an optical grating. (b-e) Different diffraction patterns observed due 

to the different surface patterns. (f) Splitting the white light after reflected by the grating fiber. (g) 

Different colors can be exhibited from different observing directions. (h) Large scale structure 

coloration achieved by weaving the surface patterned fibers into a fabric. (i) The anisotropic wetting 

property of the surface patterned fiber. (j) Fluid paths form on the patterned fiber surface along the 

axial direction. (k) Water repellency of the patterned fiber surface. 

Moreover, the one-directional surface grating will lead to anisotropic wetting 

property as the grooves will trap air when wetted. The wetting properties are tested 

for both the flat side and the patterned side of the fiber (Figure 2-26i). For the surface 

patterned side, a contact angle of 148° in the transverse direction is measured while 

a contact angle of 91° is measured in the longitude direction. And an isotropy contact 
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angle of 90° is observed on the flat side. This anisotropic wetting property could be 

further exploited in fluid transporting. As demonstrated in Figure 2-26j, several fluid 

paths along the axial direction are formed on the patterned side without mixing, which 

is driven by the anisotropic surface energy. As a contrast, the droplets remain still on 

the flat side. Likewise, when the fiber is placed vertically, the grooves on the fiber 

surface will lead the water to flow downwards under gravity, while small droplets 

will stay on the flat side (Figure 2-26k), indicating the potential application of 

patterned fibers in self-cleaning. Apart from the demonstrations based on rectangular 

fibers, several microfluid systems based on star-shaped fibers [158] and nerve 

guidance scaffolds based on fibers with patterned inner surfaces [160] are also 

realized, exposing a broad perspective of surface patterned fibers. 

 

2.3.2 Improving the Pattern Resolution by Surface Tension Control 

 

Unfortunately, the fabrication process introduced above is only compatible with 

creating surface grooves with a resolution of several micrometers. To further improve 

the pattern resolution, an inherent limitation, polymer reflow, has to be addressed. 

Polymer reflow driven by surface tension occurs when a preform with an uneven 

surface is heated above its glass transition temperature. As the surface tension always 

tends to smoothen the uneven surface, the resulting pattern on the fiber surface might 

be heavily distorted compared to its initial design, especially for a nanoscale pattern. 

To address this limitation, F. Sorin et al. have studied this reflow process by modeling 

the underlying flowing mechanism [93]. To simplify the model without losing the 

generality, they assume that the surface structure on the preform/fiber has the 

mathematical form of a sinusoidal function (one harmonic): 𝑦𝑠(𝑥) = 𝑑 +

ℎ sin (
2𝜋

𝜆
𝑥) , where d is the average thickness of the preform, h and λ are the 

amplitude and the period of the perturbation, respectively, both usually much smaller 

than the thickness of the preform: h, λ << d. Also, the deformation of the structure 

during the fiber drawing process is decoupled into two mechanisms: the scaling 

deformation due to the drawing process (scaling deformation), and the thermal 

deformation of the microstructure (reflow deformation). In this model, the differential 

𝑑ℎ representing the change in structure height of the surface pattern at a position 𝑧 
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along the fiber axial direction is divided into two parts, i.e., the scaling deformation 

𝑑ℎ𝑠𝑐  caused by the thermal drawing process, which is the ideal case for thermal 

drawing process, and the reflow deformation 𝑑ℎ𝑟𝑒 driven by surface tension.  

 𝑑ℎ = 𝑑ℎ𝑠𝑐 + 𝑑ℎ𝑟𝑒 (3) 

According to mass conservation and assuming that the polymer is incompressible, 

the volume flow through the cross-section at position 𝑧 and 𝑧 + 𝑑𝑧 should be the 

same. Thus, the scaling deformation 𝑑ℎ𝑠𝑐 can be calculated.  

 𝑑ℎ𝑠𝑐 = −
1

2

ℎ

𝑣
𝑑𝑣 (4) 

Where 𝑣 is the local drawing speed at position 𝑧. As the polymer is drawn at a high 

viscosity (usually 104 to 108 Pa*s), the Reynolds number of the polymer is estimated 

to be very small. Thus, the polymer could be considered as a Newtonian fluid. For 

the ease of calculation, the surface pattern is assumed to be a sinusoidal shape with 

only one harmonic. And the reflow deformation 𝑑ℎ𝑟𝑒  could then be obtained by 

solving the Navier-Stokes equation. 

 𝑑ℎ𝑟𝑒 = −
𝜋𝛾ℎ

𝜂𝜆
𝑑𝑡 = −

𝜋𝛾ℎ

𝜂𝜆

𝑑𝑧

𝑣
 (5) 

Where, 𝛾 and 𝜂 is the surface tension and viscosity of the polymer, respectively, and 

𝜆 is the period of the sinusoidal surface pattern. Noticing that the deformation only 

occurs at the neck-down region in the furnace with a length of L, the final pattern 

height ℎ(𝐿)  could be obtained by combining equation (3) - (5) followed by 

integrating from 𝑧 = 0 to 𝑧 = 𝐿.  

 ℎ(𝐿) = ℎ0 (
𝑣𝑓

𝑉0
)

−
1
2

𝑒𝑥𝑝 (∫ −𝜋
𝛾

𝜂𝜆

1

𝑣

𝐿

0

𝑑𝑧) (6) 

In this equation, the first part, 𝑓𝑠𝑐 = (
𝑣𝑓

𝑉0
)

−
1

2
, is the scale-down ratio of the thermal 

drawing process. And the second part, 𝑒𝑥𝑝 (∫ −𝜋
𝛾

𝜂𝜆

1

𝑣

𝐿

0
𝑑𝑧) , represents the 

contribution of surface tension inducted polymer reflow, indicating that the polymer 

reflow will be enhanced exponentially with the increase of surface tension or decrease 

of pattern size. The reflow factor could be defined as 𝑓𝑟𝑒 = 1 − 𝑒𝑥𝑝 (∫ −𝜋
𝛾

𝜂𝜆

1

𝑣

𝐿

0
𝑑𝑧). 
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It varies from 0 to 1, where tends to 0 means the polymer reflow is negligible and the 

surface structure has no distortion, while tends to 1 means the polymer reflows 

heavily and the surface structure is totally collapsed during the thermal drawing 

process. Therefore, to achieve a smaller pattern size, lower surface tension is required 

to maintain a small value of the reflow factor. 

 

Figure 2-27. Improving the pattern resolution by constructing low surface tension interface [93]. 

Thermal drawing process of (a) PC preform with patterned surface and (b) a preform with patterned 

PC/CPE interface. (c) Reflow factor of the patterned surface PC and the patterned PC/CPE interface. 

The two SEM images on top show the distorted surface pattern on the fiber drawn from PC perform, 

while the two SEM images at the bottom exhibit a much smaller pattern distortion on the fiber surface 

drawn from the PC/CPE preform. (d) Hierarchical textures formed on fiber surface by constructing 

low surface tension interface. (e) SEM images of the hierarchical textures on fiber surface, exhibiting 

a feature size of around 100 nm. 

The experimental verification is then performed. As shown in Figure 2-27 a, b, a 

patterned PC preform and a preform with patterned PC/CPE interface are prepared 
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for the thermal drawing process. As the surface tension of PC is about 1 order higher 

than that of PC/CPE interface [93, 325], the reflow factor value of PC is much larger 

than that of PC/CPE under the same drawing condition, as plotted in Figure 2-27c. 

For fibers drawing from PC preform, both surface patterns with the periods of 2 m 

and 10 m are heavily distorted (Top of Figure 2-27c). For fibers drawing from 

PC/CPE preform, the PC layers are peeled off from the CPE layer after the thermal 

drawing process. Thus, PC fibers with exposed surface patterns are achieved, which 

show much smaller distortion with similar pattern periods (Bottom of Figure 2-27c). 

Through the same process, a more complex hierarchical surface pattern on PC fiber 

is successfully fabricated, reaching a pattern resolution in the sub-micrometer level, 

as shown in Figure 2-27d, e. Up to now, the smallest feature size of around 100 nm 

is demonstrated by constructing poly(methyl methacrylate)/polycarbonate 

(PMMA/PC) interface, which has a very low interfacial tension of 0.39 mN/m [161]. 

However, all the exhibited surface patterns on fibers are still limited in one-

directional structure along the fiber axial direction, which essentially hinders the 

development of patterned fibers. Hence, creating high-resolution surface patterns in 

arbitrary directions is highly demanded, which will be discussed in chapter 5. 
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Chapter 3 Flexible Glassy Semiconductor 

Fibers for Thermal Sensing and Positioning 

 

3.1 Introduction 

 

Developing flexible thermal sensing fibers via the thermal drawing technique is an 

intriguing approach to realizing large-area and wearable temperature sensing fabrics 

for wearable electronics and advanced artificial intelligence applications. As 

discussed in Section 2.1.4, previous works have reported several thermally drawn 

fibers achieving thermal sensing based on thermistors or thermoelectric materials. 

The sensing principle of the thermistors is based on the dependence between the 

resistance and temperature. Since the drawn fiber should be fine and long for further 

integration, the resistance of the thermistors inside the fiber will be very large [128]. 

As a result, a high voltage source as high as 100 V is needed to effectively measure 

the resistance, which is not convenient nor safe for using on wearable devices. 

Therefore, the thermoelectric materials which can generate a voltage themselves 

under a temperature difference could be a better choice. However, all the previously 

reported thermally drawn thermoelectric fibers employed fragile glass as the cladding 

material because of the high melting temperature or glass transition temperature of 

the thermoelectric materials [115, 129]. Thus, a thermoelectric material with low 

processing temperature and high thermal sensing performance is of profound 

importance for developing polymer-based flexible thermoelectric fibers. 

 

As for thermoelectric technology, the Seebeck effect states that the charge carriers 

thermally diffuse in a thermoelectric material under a temperature difference, 

resulting in an output voltage which equals the temperature difference multiplied by 

the Seebeck coefficient of the material [248]. Thus, this effect could be utilized to 

monitor temperature variation according to the corresponding output voltage and has 

long been adopted in thermocouple applications [326, 327]. The sensitivity of a 

thermal sensor can be evaluated by how fast and how large such voltage generation 
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occurs from a minimal temperature change. Hence, very large Seebeck coefficients 

of thermal sensors based on thermoelectric materials are critical in applications that 

require highly sensitive and accurate measurements of temperature. Recently, the 

studies on bulk semiconducting glasses of the quaternary Cu−As−Te−Se system 

demonstrated that these semiconducting glasses possess a large Seebeck coefficient 

ranging from 400 to 1100 V/K but a low thermoelectric figure of merit (ZT) [328-

330]. Although the low ZT might hinder their further applications such as thermal 

energy harvesting and thermoelectric cooling, their large Seebeck coefficient enables 

them a high voltage response when temperature changes, indicating their great 

potential for thermal sensing applications. Furthermore, the unique feature of the low 

glass-transition temperature of these semiconducting glasses is well compatible with 

the thermal drawing process for polymers [331], which makes it possible to fabricate 

a flexible high-performance thermoelectric fiber for thermal sensing and positioning. 

 

This chapter will present the realization of thermal sensing in arbitrarily long and 

flexible fiber-based devices by thermally codrawing a semiconducting glass as the 

core and a thermoplastic polymer as the cladding. The resulting thermoelectric fibers 

exhibit large Seebeck coefficients, working as a thermal sensor in a wide temperature 

range up to 150 °C. And the voltage response is recognizable even the temperature 

change is smaller than 0.05 °C. The sensing performance of a single thermoelectric 

fiber is characterized via monitoring the temperature change of a thermal source at 

the fixed point of the fiber or detecting the different points of a thermal source on the 

fiber with the fixed temperature. To monitor and position a heat/cold source at the 

same time, a thermal sensing fabric based on a two-dimensional fiber array with a 

grid size of 24 mm × 24 mm is constructed. Notably, such a thermal sensing fabric 

requires only a 2N number of fibers to achieve N2 detection resolution, enabling the 

applications including large-area and high-resolution thermal sensing and positioning. 

 

3.2 Fabrication of Flexible and Long Thermoelectric 

Fibers 
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Preform-to-fiber fabrication by a thermal drawing technique requires the glass-

transition temperatures of the supporting materials to be slightly higher than the 

melting points of the functional materials to support the drawing stress, while 

continuously and controllably pulling the macroscopic preform down to a 

microscopic fiber. However, inorganic thermoelectric materials with high 

thermoelectric performance such as Bi2Te3, SnSe, and SiGe alloys normally have 

high melting points and can only be drawn with a glass cladding [115], resulting in 

compromised flexibility. To achieve thermoelectric fibers with superior flexibility, 

an amorphous semiconducting glass (Te85Se15)45As30Cu25 is synthesized as the 

thermoelectric core material and a thermoplastic polyetherimide (PEI) polymer with 

high flexibility as the cladding material. 

 

3.2.1 Preparation of Semiconducting Glass with Low Glass Transition 

Temperature 

 

The chalcogenide glass rods of quaternary (Te85Se15)45As30Cu25 with diameters 7 mm 

and several centimeters in length are firstly prepared from high-purity (5−6N) As, Te, 

Se, and Cu elements (Sigma Aldrich) using sealed-ampoule melt-quenching 

techniques. The materials are weighed proportionally and placed into a quartz tube 

under a nitrogen atmosphere. The tube is cleaned with hydrofluoric acid and then 

heated to 330 °C for an hour at a rate of 1 °C/min under vacuum to remove surface 

oxides. The ampoule is formed by sealing the tube under a vacuum of 10−5 Torr. It is 

then heated to 850 °C at a rate of 2 °C/min in a rocking furnace for 8 h. The 

homogeneous glass liquid is cooled to 600 °C in the rocking furnace and held for 45 

min before quenching the glass in cold water. Subsequently, the glass tubes are 

readily annealed near a Tg of 170 °C for 3 h.  
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Figure 3-1. Fabrication of flexible and long thermoelectric fiber. (a) Left: schematic of the thermal 

drawing process of the thermoelectric fiber. Right: thermoelectric chalcogenide glass used in preform 

preparation. (b) Glass-transition temperature and crystallization temperature of the semiconducting 

glass measured by DSC. (c) Single thermoelectric fiber with good flexibility and the optical 

microscope image of fiber cross section. 

The resulting chalcogenide glass rod is shown in the right side of Figure 3-1a. This 

semiconducting glass offers two superior properties in constructing flexible thermal 

sensors. One is that its Seebeck coefficient is large enough to ensure the sensitivity 

of thermal sensing. The other is that its glass transition temperature is 170 °C and the 

crystallization temperature is 270 °C, offering a wide glass stability range of 100 °C, 

which is measured using a differential scanning calorimeter (DSC Q1000) at a 

heating rate of 10 °C/min (Figure 3-1b). Such a wide temperature range makes it 

particularly suitable for the thermal fiber drawing process with the polymer matrix. 

 

3.2.2 Fabrication of Thermoelectric Fibers via Thermal Drawing 

Technique 

 

PEI polymer with a glass transition temperature of 217 °C is used as a cladding 

material to support and confine the (Te85Se15)45As30Cu25 core during the thermal 
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drawing process. To increase the contact area between the heat source and the 

thermoelectric fiber as well as to reduce the heat loss between the heat source and the 

semiconducting glass core, a hollow rectangle-shaped PEI block with a cross-section 

of 20 mm × 8 mm is machined and the diameter of the central hollow channel is 4 

mm. The synthesized semiconducting glass is reshaped and filled in the hollow PEI 

block, and then the entire assembly is thermally consolidated for 60 min at 230 °C in 

a vacuum oven to remove the trapped gas and form high-quality interfaces. Thus, an 

all-solid macroscopic preform is prepared for the following thermal drawing process. 

 

The prepared preform is loaded into a two-zone vertical tube furnace on a fiber 

drawing tower. The top-zone temperature is set at 150 °C and the bottom-zone 

temperature is set at 250 °C, respectively. After a latency period, the preform is fed 

down into the furnace at a constant speed of 4 mm/min while the fiber is drawn at a 

speed of 0.4 m/min. During this process, the viscosity of the PEI cladding is much 

larger than that of the thermoelectric glass core, thus supporting the whole structure 

and yielding hundreds of meters of thermoelectric fibers, as sketched in Figure 3-1a. 

 

3.2.3 Morphologies and Components Characterization 

 

Figure 3-1c shows the photograph of the resulting thermoelectric fiber and its optical 

microscope image of the cross-section. Owing to the presence of polymer cladding, 

the resulting fiber exhibits high mechanical flexibility to be easily bent, coiled, and 

woven. The continuous semiconducting glass core is well maintained in a round 

shape. While the edges of the polymer cladding are smoothened driven by its surface 

tension, as a relatively high drawing temperature (250 °C) is required by the 

semiconducting glass core. And the interface between the core and cladding is clearly 

defined. The diameter of the fiber core is nearly 400 m and the overall fiber 

dimension is 1.87 mm × 0.75 mm, which approaches the same dimension ratio of the 

materials in the original preform, demonstrating that such a thermal drawing is 

physically proportional size reduction process. The required thermoelectric fiber 

dimension can be precisely controlled via adjusting the feeding speed of the preform 

and the drawing speed of the fiber. To further examine the components of the 
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thermoelectric core, the thermoelectric fibers are embedded into an epoxy matrix and 

polished to expose a smooth cross-section before inserted in a field emission scanning 

electron microscope (FESEM, JEOL 7600F) equipped with X-ray detector. The 

energy-dispersive X-ray (EDX) mapping results in Figure 3-2a demonstrate that the 

functional glass core consists of Cu−As−Te−Se quaternary system and stably 

confined in the polymer cladding without diffusion or chemical reaction during the 

drawing process. Moreover, the EDX spectra in Figure 3-2b show that the atomic 

ratio of Te/Se/As/Cu in the fiber core is about 39:6:30:25, which is close to 

(Te85Se15)45As30Cu25 and consistent with the original composition of the 

semiconducting glass in the preform. 

 

Figure 3-2. Components Characterization of the thermoelectric fiber core. (a) EDX mappings of 

the cross section of the thermoelectric fiber with the core diameter of 400 m. (b) EDX spectrum of 

the fiber core and the measured atomic percentage of each element. 

 

3.3 Thermoelectric Properties of Semiconducting 

Fiber Core 
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Figure 3-3. XRD spectrums of the semiconducting glass core in amorphous and crystalline states. 

The thermoelectric properties of the semiconducting glass depend on its crystal 

structure. Wide-angle X-ray scattering (WAXS, Xenocs Nano-inXider) is employed 

to confirm the crystal structures of the fiber core after etching the PEI cladding using 

dichloromethane solution. The X-ray diffraction spectrum in Figure 3-3 (blue line) 

and diffraction pattern in Figure 3-4a indicate the amorphous nature of the 

semiconducting core in the drawn thermoelectric fiber though minor crystallization 

peaks of As and Cu2As phases appear. For comparison, the thermoelectric fiber is 

also crystallized by heating it to 300 °C for 3 h and then cooling to room temperature 

in a vacuum oven. Figures 3-3 (red line) and Figure 3-4b reveal both its crystal peaks 

in the X-ray diffraction spectrum and its diffraction ring in the diffraction pattern, 

which are not observed in the testing results of the original thermoelectric fiber core. 

 

Figure 3-4. X-ray diffraction ring in the WAXS images of the (a) amorphous and (b) crystalline 

thermoelectric fiber cores. 
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Figure 3-5. The material properties of the semiconducting cores including (a) Seebeck coefficient, 

(b) electrical conductivity, and (c) thermal conductivity are measured in both amorphous state 

and crystalline state. 

Furthermore, the thermoelectric properties of the semiconducting cores in both 

amorphous state and crystalline state are measured. Both Seebeck coefficient (S) and 

electrical resistivity () measurements of the glass cores are carried out by a ULVAC 

ZEM-3, while the thermal conductivities () are measured under an argon atmosphere 

using a laser flash (NETZSCH LFA 447). For amorphous state, as shown in Figure 

3-5a, b, the thermoelectric glass shows that the Seebeck coefficient decreases from 

523 to 477 V/K with the measured temperature from 300 to 420 K, whereas the 

electrical conductivity increases from 9.24 to 98.15 S/m. And the thermal 

conductivity is around 4.0 W/mK in the experimental temperature range (Figure 3-

5c), which is higher than the reported thermal conductivities of the amorphous 

Cu−As−Te−Se glasses [328, 329]. This increment in thermal conductivity can be 

explained by the emergence of crystalline phases, as the minor crystal peaks in the 

X-ray diffraction spectrum in Figure 3-3. Compared to the amorphous state, the 

crystalline fiber core possesses a much smaller Seebeck coefficient and much higher 

electrical conductivity due to the formed Cu−Te and Cu−Se bonds [330]. And its 
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thermoelectric conductivity is also higher than that in the amorphous state (Figure 3-

5a-c). The better conductivity leads to a larger power factor (S2) and figure of merits 

ZT (S2T/) in the temperature ranging from 300 to 400 K, as calculated in Figure 

3-6a, b, which may perform better in power generation and cooling applications. 

However, for thermal sensing properties, large Seebeck coefficient is needed to 

guarantee high sensitivity and accuracy of the thermal sensor, where a fast and large 

voltage generation occurs from a minimal temperature change. Therefore, the 

originally drawn thermoelectric fiber with the amorphous core is more suitable for 

thermal sensing application. 

 

Figure 3-6. The calculated (a) power factors and (b) figure of merits ZT values. 

 

3.4 Thermal Sensing and Positioning Based on a 

Single Thermoelectric Fiber 

 

The originally drawn amorphous-core fiber is chosen for the thermal sensing 

applications. Both experimental measurements and finite-element simulations are 

conducted to study its performance. 

 

3.4.1 Experimental Measurements 
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Figure 3-7. Schematic of the measuring principle for the thermal sensing performance of the 

thermoelectric fiber. 

The measuring principle for a single thermoelectric fiber is schematically shown in 

Figure 3-7. A Keithley 2602B source measure unit is used to power the heat for 

changing the temperature of the thermal source. Meanwhile, a Keithley 2182A 

nanovoltmeter is connected to the two copper electrodes at the two ends of the fiber 

to measure the output thermoelectric voltage and a Keithley 2700 multimeter records 

the temperature data. According to the Seebeck effect, when a heat source is applied 

to the thermoelectric fiber, the electrical potential will be built between the heated 

area and cold area because of the hole carrier diffusion in the semiconductor glass 

core. If the heated area is not in the middle of the fiber, temperature difference and 

electrical potential difference between the two ends of the fiber will be established, 

generating voltage outputs between copper electrodes.  

 

Figure 3-8a records the real-time temperature change of the heat source located on 

the 20% length of the entire fiber with a total length of 10 cm and plots the output 

voltage from the temperature difference at two fiber ends. As the temperature of heat 

source increases from room temperature of 25 °C, the corresponding output voltage 

increases rapidly with the sampling duration of 500 ms. As shown in Figure 3-8b, the 

voltage response is still recognizable even the temperature change is smaller than 

0.05 °C. This accuracy and sensitivity are comparable with most of the commercial 

thermal sensors. And the output voltage shows a linear growth in Figure 3-8c as the 

temperature of the heat source increases. Considering that the location of the heat 

source also affects the temperature gradient and output voltage between the two ends 

of the fiber, the relationship between the location of the heat source and the output 
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voltage of a single thermoelectric fiber is further characterized through touching 

different locations on the fiber with one finger around 35 °C. As plotted in Figure 3-

8d, At the central area of the fiber, namely, 50% fiber length, the heat of a finger 

equally transfers from the central position to both ends. Thus, there is a small 

temperature and electrical potential difference at the two ends of the fiber, resulting 

in a weak output voltage. As the finger moves from the central area towards the two 

fiber ends, the absolute value of the output voltage increases dramatically. Here, the 

electric potential of the end of the fiber (at 100% fiber length) is taken as the reference 

potential to measure the potential difference (voltage) of the beginning of the fiber 

(0% fiber length). The potential of the thermoelectric material in the fiber will 

decrease as the temperature increases. Therefore, if the figure touches the fiber at the 

position between the beginning (0% fiber length) and the middle point (50% fiber 

length), the potential at the beginning of the fiber will be lower than the potential at 

the end of the fiber. Thus, the measured voltage will be negative. Similarly, the 

measured voltage will be positive when the figure touches the fiber at the position 

between 50% fiber length and 100% fiber length. And the positive or negative values 

are symmetrical with the middle point, indicating that a single thermoelectric fiber is 

capable of positioning the heat source, rather than simply detecting the temperature 

[122].  



66 
 

 

Figure 3-8. Thermal sensing performance of a single thermoelectric fiber. (a) Real-time recording 

of the temperature of the heat source located at the 20% length of the whole fiber and the corresponding 

output voltage from the temperature difference at two fiber ends. (b) Temperature resolution of the 

thermoelectric fiber thermal sensor. (c) The output voltage shows a linear growth as the temperature 

of the heat source increases. (d) Real-time output voltages from the different positions of the thermal 

source by finger touching. 

Moreover, the temporal response of the fiber is measured to be very fast. It only takes 

3 s to reach a steady state after the finger touches as shown in Figure 3-9a. Besides 

its high thermal sensing performance, its flexibility is also studied, as summarized in 

Figure 3-9b. The curvature radius decreases largely when the fiber thickness reduces. 

Even for a thick fiber with a thickness of 0.6 mm, the curvature radius is still less 

than 2.5 mm, showing much better flexibility in contrast to the thermoelectric fiber 

with glass cladding [115]. The top-left inset in Figure 3-9b exhibits that the fiber 

senor is flexible enough to be conformally wrapped on the glass rod surface with a 

diameter of 3 mm, without any wrinkle or breakage. Thus, it is a promising candidate 

to fabricate large-area, flexible, and wearable temperature sensing fabrics. 
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Figure 3-9. (a) Temporal response of the thermoelectric fiber. (b) Minimum curvature radius of 

thermoelectric fibers with different fiber thicknesses. 

 

3.4.2 Finite-Element Simulations 

 

The thermal sensing performance of thermoelectric fiber mainly depends on the 

temperature gradient and electrical potential distribution in the semiconducting glass 

core owing to the Seebeck effect. A multiphysics finite-element solver (COMSOL) 

is used to simulate the thermal sensing performances of the thermoelectric fiber in a 

steady state based on the thermoelectric modules, where all the parameters and 

geometries of the thermoelectric fibers are defined to be close to the actual materials 

and structures. Specifically, the fiber length is 10 cm. The cross section is a round 

core with a diameter of 260 m located at the center of the rectangular cladding. And 

the mesh is set to “user-controlled mesh”. The element size is calibrated for “general 

physics”. And the minimum element size is set to “100 m” while the maximum 

element size is “1000 m”. Additionally, the maximum element growth rate is set to 

“1.45”. The curvature factor is set to “0.5” and the resolution of narrow regions is 

“0.6”. The temperature gradient and electrical potential distribution in a single 

thermoelectric fiber are visualized in Figure 3-10a. The relationship between the 

output voltage and location of the heat source with a fixed temperature is firstly 

simulated. The environment temperature is set to be 25 °C, while the temperature of 

the heat source is 36 °C. When the heat source is placed on the fiber surface of 16.5% 

length, the output voltage between the fiber ends is 504 μV. And the output voltage 

decreases exponentially and symmetrizes as the thermal source moves from the two 
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ends towards the middle point (Figure 3-10b), which has the same tendency as the 

experimental results. Area 1 and 2 in Figure 3-10b are enlarged as Figure 3-10c and 

d, respectively.  

 

Figure 3-10. Finite-element simulation of the thermal sensing performance. (a) Temperature 

gradient and electrical potential distribution on a single thermoelectric fiber. (b) Output voltages vary 

with the heat source of 36 °C moving along the fiber length. (c, d) Enlarged plot corresponding to 

areas 1 and 2 in (b), respectively.  

The relationship between the output voltage of the fiber and the temperature of the 

heat source at a fixed location is then studied. Figure 3-11a gives the output voltages 

induced by different temperatures on the middle point, 15%, and 85% fiber length 

points, respectively. The output voltage of the middle point is almost zero and 

unchanged with the increased temperature, whereas the absolute values of the output 

voltage for 15 and 85% fiber length points are identical under the same temperature 

and increase with the raised temperature because of their symmetry in location. These 

results further prove that a single thermoelectric fiber can sense the temperature 

variation of a fixed spot or position the heat source location under a specific 

temperature applied to the fiber. 
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Figure 3-11. (a) Simulated output voltages induced by different temperatures of heat source 

fixed at different locations. (b) Simulated output voltages and deflections of the fiber thermal 

sensor for different thickness ratios between the semiconducting glass core and the entire fiber. 

The influences of the proportion of the semiconducting glass core in the 

thermoelectric fiber on the fiber’s thermal sensing performance and flexibility are 

also simulated based on the solid mechanics module. In principle, the higher 

proportion of semiconducting glass core in the thickness direction of the fiber 

occupies, the higher thermal sensing performance of the fiber presents because 

thinner polymer cladding lowers the heat loss and thicker semiconducting glass core 

enhances electrical conductivity. However, increasing the proportion of the 

semiconducting glass core will sacrifice the flexibility of the fiber. Figure 3-11b 

illustrates the simulated output voltages and deflections of the fiber thermal sensor 

for different thickness ratios between the semiconducting glass core and the entire 

fiber. The temperature of the heat source is still 36 °C and the location is at 22.2% 

fiber length. The results indicate that, as the proportion of the semiconducting glass 

core increases, the sensitivity of the fiber sensor is improved, yet the flexibility is 

weakened. The optimized proportion is about 50−60%, which approaches the similar 

dimension of the fabricated thermoelectric fibers. 

 

3.5 Flexible Thermal Sensing Fabric on a 3 × 3 

Thermoelectric Fiber Array 
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Figure 3-12. Flexible thermal sensing fabric based on a 3 × 3 thermoelectric fiber array for 

simultaneous thermal source detection and positioning. (a) Left: 3 × 3 TE fiber array woven into a 

flexible fabric. Right: The finger-touching points schematically marked by capital letters. (b) Output 

voltages of the thermal sensing fabric for different thermal source positions when the finger touches 

the marked points. 

Although a single thermoelectric fiber is able to sense the temperature with a fixed 

location or position the thermal source with a fixed temperature by the output voltage, 

it is hard to obtain both the temperature and the location of the thermal source. For 

instance, an output voltage of 2.5 mV may be generated either from the heat source 

with the temperature of 36 °C at the location of 5% fiber length (Figure 3-10b) or the 

temperature of 80 °C at the location of 15% fiber length (Figure 3-11a). To address 

this challenge, a flexible thermal sensing fabric is constructed through weaving a 3 × 

3 thermoelectric fiber array into a flexible textile. This flexible thermal sensing fabric 

can serve as a prototype to obtain spatially resolved thermal information including 

both thermal sensing and positioning. The 3 × 3 thermal sensor array with the grid 

size of 24 mm × 24 mm is assembled by six thermoelectric fibers with a length of 8 
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cm, as shown in the left image of Figure 3-12a. While touching the fiber on the 

thermal sensing fabric with a finger at different points as marked with capital letters 

in the right image of Figure 3-12a, the output voltages of the six fibers from V1 to 

V6 are continuously and simultaneously collected by a multichannel data acquisition 

card of Keithley 7700. The accurate location and temperature of the finger can be 

subsequently analyzed from the distinguishable voltage signal from each grid axis, as 

plotted in Figure 3-12b. Moreover, if fiber 1 and fiber 2 are regarded as y-axis and x-

axis, respectively, the quadrant of the thermal source can be located by the sign of 

the distinguishable voltage. For instance, the finger-touching point E shown in Figure 

3-12a is resolved in the second quadrant and at the cross point of fiber 3 and fiber 4, 

owing to a positive voltage form fiber 3 and a negative voltage form fiber 4. 

Furthermore, the accurate temperature of the finger is determined by the largest 

output voltage values of the single fiber sensor as discussed above. Interestingly, the 

absolute value of output voltage from fiber 4 is slightly higher than that from fiber 3 

located in thermal point E on the same position of both fiber 3 and fiber 4, which is 

mainly caused by the heat loss from the upper fiber 4 to the bottom fiber 3. It is worth 

noting to point out that this difference can be utilized to detect the pointing direction 

of the thermal source. For example, in this case, the heat point is located at the upper 

side rather than the bottom side of the thermal sensing fabric.  

 

As a comparison, both thermal infrared (IR) images taken by an IR camera (FLIR C2) 

and reconstructed thermal maps using the data obtained from the fiber array is 

presented for two situations. One is the finger heating with a temperature of 33 °C 

and the other is the ingot cooling with a temperature of 22 °C, as displayed in Figure 

3-13a. Both the thermal images and the reconstructed thermal maps are matched well 

with the actual situations (Figure 3-13b, c), confirming the capability of the thermal 

sensing fabric for ultraflexible and large-area detecting and positioning the thermal 

source with high spatial temperature resolution. 
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Figure 3-13. Comparison of the measured results between thermal sensing fabric and IR camera. 

(a) Two working situations: finger heating with a temperature of 33 °C and ingot cooling with a 

temperature of 22 °C. (b) Thermal images taken by an IR camera. (c) Reconstructed thermal maps 

using the data obtained from the fiber array. 

 

3.6 Summary 

 

In summary, a polymer-based flexible thermal sensor is fabricated by thermally 

codrawing a semiconducting glass core and a polymer cladding into a thermoelectric 

fiber. This fabrication technique delivers thermoelectric fiber functionalities at fiber-

optic length scales, flexibility, uniformity, and low cost. The thermoelectric 

properties of the semiconducting cores in both amorphous and crystalline states are 

measured. And the performance of a single thermoelectric fiber is experimentally 

tested and subsequently simulated. The results suggest that the resulting single 

thermoelectric fiber is capable of efficiently detecting thermal source in a wide 
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temperature range up to 150 °C. The voltage response is still recognizable even the 

temperature change is smaller than 0.05 °C. And the resolution for positioning 

thermal source is in millimeter level. Furthermore, a flexible thermal sensing fabric 

based on a network by 3 × 3 thermoelectric fiber array is experimentally applied for 

simultaneously realizing thermal sensing and positioning with high spatial resolution. 

This demonstrated flexible thermal sensing fiber may lead to important applications 

in thermometry, thermography, smart fabrics, e-skin in robotics, health-monitoring 

products, and wearable electronics. Nevertheless, because of the relatively low 

electrical conductivity nature of amorphous materials, realizing long distance thermal 

sensing and positioning by a single thermoelectric fiber remains a challenge. Further 

efforts could be made in developing a superior thermoelectric material which 

possesses both high electrical conductivity and low thermal conductivity. 
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Chapter 4 Super-Elastic Fibers by Soluble-

Core Thermal Drawing for Self-Powered 

Touch Sensing 

 

4.1 Introduction 

 

Besides thermal sensing, touch sensing is also an indispensable function to be 

developed for advanced smart fabrics or electronic skins to detect motion of human 

or external objects. Previous works [113, 233] have demonstrated some thermally 

drawn electronic fibers for touch sensing applications. The working principles of such 

fibers are quite similar as introduced in section 2.1.3. The structural deformation of 

the fiber under external pressure will induce the resistance change of the fiber 

electrode or the capacitance change between the fiber electrodes. Thus, the motion 

could be figured out by monitoring the change of the resistance or capacitance. 

However, it is still a challenge to power this type of electronic fibers as they are 

supposed to be integrated into fabrics that are not much compatible with a fixed 

power socket. And for the fibers based on resistance change, their length and small 

cross-sectional area lead to a large electrode resistance, which may need a higher 

voltage source than conventional batteries to achieve a recognizable signal [113]. 

While for the fibers based on capacitance change, more complex powering and 

measuring circuit may be needed. Moreover, they can only respond to a pressure 

which is high enough to cause the structural deformation, which may be a restriction 

in small force applications. 

 

Utilizing fiber-based wearable TENG to harvest the mechanical energy from the 

touching behavior itself and transform it into electricity should be a promising 

solution to address the limitations above. On the one hand, this self-powered device 

will directly generate a recognizable voltage or current signal according to the motion. 

On the other hand, the output signals of the TENGs are generated from the changes 
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of the external electrical field other than structural deformation, leading to a high 

sensitivity as the response signal could occur even before the approaching external 

objects reaches and touches the fiber. In recent years, countless fiber-based TENGs 

have been developed and numerous intriguing applications in touch sensing have 

been exhibited [312, 323, 324], as reviewed in 2.2.3. However, most of the fibers 

used in these works are fabricated by depositing materials on existing commercial 

fibers [305], resulting in limited fiber structures (layered structure or coaxial 

structure), poor material compatibility, complicate fabrication process. And the 

coated materials usually exhibit low wearing resistance, which is especially indecent 

for touch sensing applications which will suffer frequent contact and friction. 

Therefore, applying the thermal drawing technique to fabricate highly integrated 

multimaterial fibers with designable structure and high-yield is highly appreciated for 

self-powered touch sensing. 

 

Additionally, developing electronic devices based on elastomeric materials is also 

highly motivated because of the superior flexibility and stretchability [332]. The low-

modulus elastomers could be conformally fitted onto any irregular surfaces and 

endure large deformation without breakup, predicting their promising application in 

fiber-based touch sensors. However, thermally drawing the thermoplastic elastomers 

is still a great challenge to date. The fiber architecture will be difficult to maintain 

during the thermal drawing process due to the low modulus, low viscosity, and high 

adhesiveness of such thermoplastic elastomers under high temperature, which hinders 

their further applications in fiber-based soft electronics. Although extrusion seems to 

be an alternative option to fabricate the elastomer fiber, the geometry of the extruded 

fiber is highly dependent on the die used for extrusion. For fiber-based electronic 

devices, fiber with small size and functional inner structures is usually required. If 

the desired fiber diameter is small (e.g., smaller than 1 mm) and complex in-fiber 

structure (e.g., multichannel) is required, it is quite difficult to prepare the 

corresponding die with a precise and complex structure in the micrometer scale. 

Furthermore, integrating different materials inside one fiber at a customizable 

position is also a challenge for extruded fiber. Therefore, developing a process for 

thermally drawing the elastomer materials is of great importance. 
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This chapter proposes a two-step soluble-core fabrication method to overcome the 

incompatibility between the low-viscosity thermoplastic elastomers and the thermal 

drawing process. The first step is the co-drawing of a typical elastomer shell, styrene-

ethylene-butylene-styrene (SEBS), and a polyvinyl alcohol (PVA) core into a thin 

fiber that defines the initial structure. The second step is to dissolve the PVA core to 

obtain a hollow SEBS tubular fiber. A super-elastic conductive fiber is thus fabricated 

after injecting liquid metal into the hollow SEBS fiber. This conductive fiber offers 

outstanding stretchability and flexibility which maintains excellent conductivity even 

under 1900% strain or sudden hit and stretched by a 1.5 kg load freefalling from a 

height of 1 meter. The stretchable TENGs are subsequently assembled from the 

super-elastic conductive fibers. The working mechanism and performance are 

discussed and matched well with the simulation results. As a proof of concept, a self-

adaptive net fabric for self-powered touch sensing is built and attached to a football 

to perform touch sensing based on a spherical coordinate, revealing its ability in 

sports performance monitoring while bearing strong and sudden impacts. This 

fabrication process and touch sensing fabrics indicating their future applications in 

self-powered smart fabric and large-scale soft device integration. 

 

4.2 Fabrication and Characterization of Super-

Elastic Fiber 

 

4.2.1 Soluble-Core Fabrication Process 

 

SEBS pellets (G1643) purchased from Kraton and PVA pellets (G-polymers 8049P) 

purchased from Nippon Gohsei are used in the soluble-core fabrication process. To 

prepare the preform for the fiber drawing process, PVA pellets are filled into the 

heating barrel of the injection molding machine and melted at 200~225 °C for 3~5 

mins. Then the melted PVA is injected into the mold under a pressure of 0.7 MPa and 

kept for 30 seconds to obtain a solid PVA bar after cooled down. The shape of the 

PVA bar is dependent on the cavity of the mold. Also, SEBS pellets are hot-pressed 

into thin films under 190 °C for 8 mins. The resulting SEBS films with a thickness of 
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around 200 m are then cropped to rectangular shape, followed by tightly wrapping 

the SEBS films around a PVA bar to form a PVA/SEBS core-shell structure (Thin-

film rolling approach introduced in section 2.1.1). The whole structure is 

subsequently wrapped by Teflon thread seal and consolidated in a vacuum oven at 

110 °C for 2 hours to remove the moisture and air gap between SEBS layers and 

SEBS/PVA interface and finally form a preform. 

 

Figure 4-1. Two-step soluble-core fabrication process. (a) Schematic of the thermal drawing 

process. (b) Photograph of the PVA/SEBS preform before drawing. Scale bar: 3 mm. (c) Photograph 

of the thermally drawn PVA/SEBS fiber. Scale bar: 200 m. (d) Photograph of the SEBS hollow fiber 

after the PVA core is dissolved. Scale bar: 200 m. 

The thermal drawing process is sketched in Figure 4-1a. A cylindrical preform is used 

for an example as the cross-section image shows in Figure 4-1b (Scale bar: 3 mm). 

The prepared preform is loaded into a two-zone furnace, where the top and bottom 

zones are set to 150 °C and 350 °C, respectively. After a latency period around 20 

minutes, the preform is drawn down at a constant speed of 1 m/min and a neck-down 

region from macroscopic preform to microscope fiber will be formed in the furnace. 

To maintain a uniform fiber diameter, the preform is also fed into the furnace at a 
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constant speed of 3 mm/min. Thus, a uniform fiber with tens of meters long is 

continuously produced. The scale-down ratio of the preform-to-fiber process could 

be controlled by the feeding speed and drawing speed. In this work, the outer diameter 

of the drawn fibers are kept to be around 0.8 mm as the cross-section image shows in 

Figure 4-1c (Scale bar: 200 m). 

 

Figure 4-2. SEBS fibers with different fiber architectures before and after dissolving PVA. (a) 

SEBS/PVA/air channel fiber (before dissolving PVA) and SEBS fiber with a round hollow core (after 

dissolving PVA). (b) SEBS fiber with a square core. (c) dual-core SEBS fiber. All the scale bars are 

200 m.  

After collecting the drawn fiber, it is cut into segments and soaked into 80 oC hot 

water to dissolve the inner PVA cores, leaving a hollow SEBS fiber as demonstrated 

in Figure 4-1d (Scale bar: 200 m). This dissolving process could be very slow when 

the fiber segment is long. In general, the dissolving process for a 10 cm fiber segment 

may need more than 10 hours in still water as the solid PVA core is dissolved from 

the two fiber ends gradually towards the center. To speed up the dissolving process, 

a fiber with a hollow PVA core is drawn by replacing the PVA rod with a PVA tube 

inside the preform. As shown in Figure 4-2a, the water can be filled into the hollow 

core during the dissolving process, which significantly reduces the dissolving time. 

Similarly, by changing the mold of the injection molding machine and wrapping 

process, the PVA core and structure of the preform could be customized to disparate 



79 
 

configurations. And corresponding fiber structure could be achieved after thermal 

drawing and dissolving process, as the square hollow core SEBS fiber and dual-core 

SEBS fiber which are shown in Figure 4-2b, c, respectively.  

 

It is worth mentioning that, in principle, this soluble-core fabrication process could 

be applied to all the thermoelectric materials whose viscosity is too low to be drawn 

independently. And various fiber structures could be obtained owing to the presence 

of the soluble PVA or other soluble materials. A potential limitation of current 

process is that it is not easy to get a fiber with sharp edge on the outer surface because 

the outer SEBS is easy to reflow [93] due to its low viscosity, as exhibited in Figure 

4-2c. This limitation could be possibly addressed by add another layer of PVA outside 

the PVA/SEBS core-shell preform to confine the whole structure from distortion 

during the thermal drawing process. And all the PVA could be dissolved subsequently 

to get a SEBS fiber with sharp edge. 

 

4.2.2 Mechanical Properties 

 

 

Figure 4-3. Mechanical properties of the hollow SEBS fiber, hollow PTFE fiber, and hollow 

silicone fiber. (a) Stress-strain curves measured by DMA. (b) Measurements of the highest stretch 

ratio. 

The stretchability is measured for hollow SEBS fiber, as well as hollow PTFE fiber 

and hollow silicone fiber for comparison. The hollow SEBS fiber used in this test has 

an inner diameter of 500 m and an outer diameter of 900 m. The hollow PTFE 

fiber used in this test has an inner diameter of 600 m and an outer diameter of 950 

m. And the hollow silicone fiber used in this test has an inner diameter of 600 m 
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and an outer diameter of 1000 m. Before each test, these diameters are input into 

the measurement instruments for calculating the corresponding cross-sectional area. 

Thus, the stress-strain curves instead of force-strain curves could be acquired from 

the instruments after each test. As plotted in Figure 4-3a, the stress-strain curves for 

the three fibers are measured under a quasi-static force by a dynamic mechanical 

analyzer (DMA, TA Q800), where the applied force increases in a very slow rate of 

0.2 N/min. The curve of PTFE fiber shows a linear elastic region where the stress is 

proportional to the strain and a strain hardening region where the strain increases 

much faster than stress as the plastic deformation occurs. A similar trend is observed 

in the curve of silicone fiber while the curve of SEBS fiber shows an approximately 

linear growth. And the Youngs’ moduli of 1.5 MPa, 5.8MPa, and 204.1 MPa are 

calculated from the linear elastic regions of the SEBS, silicone, and PTFE fibers, 

respectively. The working distance of the DMA is too short for the breakup of the 

SEBS fiber because of its superior stretchability. Hence, an MTS Criterion Model 42 

is used for testing the highest stretch ratio of the fibers. As presented in Figure 4-3b, 

the SEBS fiber can endure a strain as high as more than 1900%, which is much higher 

than that of silicone and PTFE fibers. 
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Figure 4-4. Flexible and conductive SEBS fiber. (a) Uniform and flexible hollow SEBS fiber. (b) 

Liquid metal is injected into the hollow core of the SEBS fiber. (c) The conductivity is maintained 

when conformally coiled on a pencil. 

Figure 4-4a displays the flexibility of the drawn SEBS fiber with a continuous hollow 

channel running within the entire fiber length. To match with its superior 

stretchability, a liquid metal, GaIn eutectic alloy, is chosen as the conductive filler of 

the hollow SEBS fiber, as shown in Figure 4-4b. The GaIn eutectic alloy is composed 

of Ga and In with a mass fraction of 75.5% and 24.5, respectively. According to the 

datasheet from the supplier (Alfa Aesar), its melting point and density are 15.7 °C 

and 6250 kg/m3, respectively. Therefore, it is in liquid state which can be easily 

injected into the hollow channel in SEBS fiber under room temperature. Also, this 

liquid metal possesses good conductivity, which is reported to be 3.4*106 S/m [333, 

334]. Thus, a super-elastic conductive fiber is formed after two copper wires are 

inserted and sealed at its two ends. This fiber exhibits outstanding flexibility which 

could be conformally coiled on a pencil while maintaining the electrical connection 

to serve as a conductive wire and light up a green LED, as shown in Figure 4-4c. 

Besides liquid metal, ionic liquid and other functional solutions are also compatible 

with this technique to develop other electronic devices according to specific 
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application scenarios. Moreover, increasing the number of channels within a single 

fiber will potentially lead to highly integrated multifunctional electronic devices. 

 

Figure 4-5. Stretchability of the conductive SEBS fiber. (a) The conductive SEBS fiber is clamped 

on a displacement stage and connected to a circuit with a battery and a LED. (b) The conductive SEBS 

fiber works normally when stretched to around 19 times of its original length. (c) The conductive 

SEBS fiber works normally after hit and stretched rapidly by a free-falling dumbbell. 

The electrical connection inside the conductive fiber is further examined under 

stretching. As demonstrated in Figure 4-5a, both ends of the fiber are clamped on a 

displacement stage, leaving a fiber length of 7 mm between the two clamps. The two 

ends are connected into a circuit with a battery and a LED to light up the LED. Then 

the fiber is gradually stretched to 134 mm, around 19 times of its original length 

(Figure 4-5b). And the LED is still lighted, indicating that filling liquid metal inside 

the hollow channel does not affect the stretchability of the SEBS fiber. In addition to 

stretching the fiber gently, the fiber is also tested under a sudden deformation. As 

illustrated in Figure 4-5c, the fiber is held at 1-meter-high from the ground and a 1.5 

kg dumbbell is subsequently released above the fiber. The fiber remains unbroken 

after hit and stretched rapidly by the free-falling dumbbell, revealing its capability to 

bear a sudden impact, which is beneficial for applications in a harsh environment.  

 

4.3 Triboelectric Nanogenerators Based on Super-

Elastic Conductive Fibers 
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4.3.1 Experimental Setup  

 

Figure 4-6. Setup for measuring the output performance of the fiber-based TENG. 

To quantitively study the electrical output performance of the TENGs based on ultra-

stretchable conductive fibers, a test platform is built as shown in Figure 4-6. One end 

of the fiber is sealed with copper wire as electrode while the other end is sealed 

directly. And the sealed fibers are fixed in parallel between two clamps with an 

original distance of 25 mm for the ease of adjusting their strain simultaneously, as 

demonstrated in the inset of Figure 4-6. A grounded aluminum (Al) plate serving as 

another electrode is driven by a linear motor (LinMot E1100) to realize periodical 

contact-and-separate movement with the fibers. The driving speed of the motor is set 

at 0.1m/s, while the open-circuit voltage and close-circuit current between the Al 

plate and fibers are measured by a Keithley 6517B electrometer, and a Stanford 570 

current preamplifier, respectively. The measured signals are collected by an analog 

input module (NI-9125) inserted in NI CompactDAQ Chassis (cDAQ-9171) which 

is connected to a computer. 

 

4.3.2 Working Mechanism 

 

The working mechanism of the TENG based on single ultra-stretchable conductive 

fiber under this test mode is shown in Figure 4-7a, b, corresponding to the cross-

sectional views in perpendicular and parallel with fiber axial direction, respectively. 

The charge distribution is sketched on the Al plate and the upper part of the 

conductive SEBS fiber only to simplify the discussion. During the working process, 

the Al plate and the fiber contact and separate repeatedly. Thus, the electrons in the 
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Al plate will be transferred to the surface of SEBS and accumulated on its surface 

because of triboelectrification [335]. Because of the presence of the negative charge 

on the fiber surface, the positive charge will be induced in the fiber electrode (liquid 

metal core in the SEBS fiber) when the Al plate is separated from the fiber. As the Al 

plate moving towards the fiber till contact, its electrical potential will decrease and 

drive the positive charge in the fiber electrode flow to Al plate, forming a current 

from fiber to Al plate through the external circuit (the lower part of Figure 4-7a, b). 

Similarly, when the Al plate and fiber are separated again, a reverse current from Al 

plate to fiber will be generated through the external circuit, as shown in the upper part 

of Figure 4-7a, b. Hence, an alternating current will be generated during the repeated 

contact-and-separate process, i.e., the mechanical energy is transformed into 

electricity.  

 

Figure 4-7. working mechanism of a stretchable TENG based on conductive fiber. (a) Working 

principle is shown from the cross-sectional view in perpendicular to fiber axial direction. (b) Working 

principle is shown from the cross-sectional view in parallel with fiber axial direction. (c) Simulations 
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of the electrical potential distribution when the fiber and Al plate contact and separate under normal 

and stretched conditions. 

Further simulations are conducted using COMSOL to verify the working mechanism. 

All the parameters and geometries of the Al plate and conductive SEBS fibers are 

defined to be close to the actual materials and structures. The Al plate is grounded 

and kept at a potential of 0 V while the charge density on the fiber surface is set 

according to the subsequent charge amount measurement. As shown in Figure 4-7c, 

the electrical potential distribution inside and around the Al plate and the fiber are 

simulated under different states. Both contact (upper row) and separate (bottom row) 

states are visualized in cross-sectional views. And the cut planes of these cross-

sections are in perpendicular (left column) and parallel (middle column) to fiber axial, 

respectively, in the case that the fiber is not stretched. These simulated results exhibit 

that the potential of the fiber electrode is much lower when separated from Al plate. 

This potential difference will be the driving force of the positive charge flow from Al 

plate to fiber electrode if they are connected electrically, which matches the above 

discussion of the working mechanism very well. Moreover, the potential of the fiber 

under 1000% strain is much lower than that under the original length (right column 

of Figure 4-7c), which can be attributed to the larger charge amount brought by the 

increased surface area of the stretched fiber.  

 

4.3.3 Output Performance 
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Figure 4-8. The output open-circuit voltage of the fiber-based TENGs with different fiber 

amounts and strains. (a) Measured voltage curves of the fiber-based TENGs. (b) Extracted peak 

values with error bars of the measured voltage curves. (c) Enlarged graph of the 100%, 200%, and 

600% curves in (b). 

Based on the setup shown in Figure 4-6, the output performance of the fiber-based 

TENGs with different fiber amounts (1,2,3,4,5, and 8 fibers) under different strains 

(100%, 200%, 600%, and 1000%) is measured. The original length of the TENG fiber 

is 25 mm. The open-circuit voltage is plotted in Figure 4-8a. And the mean values 

and their standard deviations (error bars) of the peak voltages under different testing 

conditions (fiber amount and strain) are extracted and plotted in Figure 4-8b, c. A 

slight change in the positions of the fibers and Al plate might occur during the sample 

loading process at each test condition, which could result in a small deviation in the 

output performance. However, the output voltage signal is rather stable once the 

positions of the fibers and Al plate are fixed during the measurements, leading to a 

small error of the peak voltages. As shown in Figure 4-8b, c, a clear trend is revealed 

that the output voltage increases as the fiber amount increases or the strain increases. 

And the highest voltage of about 7.5 V is reached from 8 fibers connected in parallel 

under the strain of 1000%.  
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Figure 4-9. The output short-circuit current of the fiber-based TENGs with different fiber 

amounts and strains. (a) Measured current curves of the fiber-based TENGs. (b) Extracted peak 

values with error bars of the measured current curves. (c) Enlarged graph of the 100%, 200%, and 600% 

curves in (b). 

Similarly, the short-circuit currents of the fiber-based TENGs are measured with 

different fiber amounts under different strains, as the measured current curves shown 

in Figure 4-9a. Also, the peak values of currents under different test conditions are 

extracted and their mean values and standard deviations are plotted in Figure 4-9b, c. 

Although the trend of the output signal of short-circuit current is also exhibited 

growing as the fiber amount or strain increases, it grows not as smoothly as the 

voltage signal and possesses large errors, especially under 1000% strain and larger 

fiber amount. The large fluctuation and errors are due to that the current signal reflects 

the current flow speed through the external circuit, which could be heavily influenced 

by the relative velocity between the fiber electrode and the Al plate. As only the two 

ends of the fiber are fixed, there will be an obvious vibration in the middle part of the 

fibers when the fiber is stretched to a high strain. The vibration will contribute to the 

relative velocity between the fiber electrode and the Al plate. Thus, the current signal 

is more sensitive to instantaneous slight variations in the working process. Under the 



88 
 

1000% strain condition, especially with multiple fibers, the instantaneous signal 

could be larger, leading to a large fluctuation compared to the TENGs under lower 

strains and with fewer fibers. 

 

 

Figure 4-10. The measured charge amount of the fiber-based TENGs with different fiber 

amounts and strains. (a) Measured charge amount curves of the fiber-based TENGs. (b) The 

measured charge amount (with error bars) flows between the two electrodes. (c) Enlarged graph of the 

100%, 200%, and 600% curves in (b). 

Fortunately, the current over the time of a single working cycle can always be 

integrated to obtain the charge amount flows between the fiber electrode and Al plate, 

which is more stable as it will not be influenced by the relative velocity between the 

fiber electrode and the Al plate. The charge amount can also be simply measured by 

an electrometer, as shown in Figure 4-10. As the fiber amount and strain increase, a 

growing trend similar to the trend of open-circuit voltage is observed. According to 

the measured charge amount, the electrical potential distribution is further simulated 

for the TENGs with 4 fiber and 8 fibers under original length (25 mm) and 1000% 

strain at contact and separate states, which is consistent with the experimental results, 

as shown in Figure 4-11. 
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Figure 4-11. The simulated electrical potential distribution of the TENGs with 4 fiber and 8 

fibers under original length and 1000% strain at contact and separate states. (a) Simulated results 

for the TENG based on 4 fibers under the original length. (b) Simulated results for the TENG based 

on 4 fibers under 1000% strain. (c) Simulated results for the TENG based on 8 fibers under the original 

length. (d) Simulated results for the TENG based on 8 fibers under 1000% strain. 

The durability of the TENG based on 6 10-cm conductive fibers is further tested. The 

output current is measured continuously for around 5 h and the output signal before 

and after 1000, 2000, and 3000 working cycles is demonstrated in Figure 4-12a. The 
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periodic fluctuation of the peak current at 2000 and 3000 cycles is caused by the 

reduced sampling rate to prevent the data logging software from crashing over a long-

term measurement. Overall, the peak current is maintained at around 7 nA and -10 

nA, indicating its capability in long-term and stable operation. Moreover, the output 

power densities of the TENG with different external loads is studied. The peak values 

of both voltage and current signals are recorded in Figure 4-12b. The output voltage 

increases while the current decreases as the external load increases from 1 kΩ to 1000 

MΩ. Also, the corresponding peak power density is calculated and plotted in Figure 

4-12c. The maximum peak power density of 10.2 W/m2 is observed at the external 

load of about 200 MΩ, indicating that this device could serve as a current source with 

a large internal resistance, which is beneficial for a high-impedance external circuit. 

 

Figure 4-12. Measurements of the long-term performance and output power densities with 

different external loads. (a) Output signals before and after 1000, 2000, and 3000 working cycles. (b) 

Output voltage and current of the fiber-based TENG with different external loads. (c) The relationship 

between the output power density and external resistance.  
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4.4 Self-Adaptive Net Fabric for Self-Powered Touch 

Sensing 

 

Owing to its superior flexibility and stretchability, the conductive SEBS fiber could 

be conformally adapted to regular or irregular surfaces, which is promising for 

constructing self-adaptive fabric for touch sensing applications on arbitrary surfaces 

to detect various activities. A preliminary test is carried out to examine the capability 

of conductive SEBS fiber-based TENG in maintaining mechanical energy harvesting 

and sensing performance under sudden strong impact and large deformation. As 

shown in Figure 4-13a, two ends of the fiber are fixed, and the fiber is straightened 

by a slight stretch. A sudden impact is applied to the fiber by a rapid foot stepping 

and the subsequent deformation occurs as the foot stepped down. The output signal 

during the stepping is recorded in Figure 4-13b. The first peak indicates the motion 

that the shoe contacts the fiber (step on), while the last peak indicates the step-off 

motion. 

 

Figure 4-13. Applications of the stretchable SEBS fiber-based TENG. (a) The fiber-based TENG 

is tested under a sudden impact applied by foot. (b) The measured output signal when stepping on the 

fiber-based TENG. (c) Demonstration of the self-adaptive net fabric for self-powered sports 

performance monitoring. (d) Testing the self-adaptive net fabric by figure touches.  
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The test above reveals the TENG’s feasibility in performing touch sensing while 

bearing high impact or deformation. For example, this flexible and stretchable TENG 

is quite suitable for self-powered sports performance monitoring by adapted to the 

surfaces of sports gears conformally and detecting the real-time motion. As displayed 

in Figure 4-13c, these conductive fibers could be applied to the curved surface of a 

football to build a net fabric and perform the contact point detection based on a 

spherical coordinate [229]. 6 fibers with a length of 26 cm are attached horizontally 

on the football surface to form longitude lines of 0° (360°), 60°, 120°, 180°, 240°, 

and 300°, while another 3 fibers form the latitude lines of 45°, 90° and 135°. Thus, 

each cross point of the fibers can be addressed as a coordinate point in the spherical 

coordinate system. As a proof of concept, the test is performed by finger touch instead 

of foot kick for a stable testing condition here, as shown in Figure 4-13d. Current 

signals are measured to detect and identify the touch point. As the conductive SEBS 

fibers are very sensitive to slight vibration, a special data processing method is 

adopted to improve the signal-to-noise ratio and avoid possible noise jamming. When 

a finger touches a point, current signals from all the longitude and latitude lines will 

be received. For each line, the maximum peak value of the measured signal and 

average peak value of the baseline when untouched are extracted. And then take the 

ratio of maximum peak value/baseline peak value as the line value (RL). Thus, for 

each touch behavior, 9 RL from the 9 fibers can be obtained. As the target is to detect 

which cross point is touched, the value of a cross point (Rp) is defined as the product 

of the two RL from the two crossing lines. For instance, the detected value for point 

(60°, 90°) is the product of the values of the 60° longitude line and the 90° latitude 

lines, i.e., 𝑅𝑝(lon60°, lat90°) = 𝑅𝐿(lon60°) ∗ 𝑅𝐿(lat90°). Hence, for each touch, 18 

detected values (Rp) could be obtained for the 18 cross points, respectively. To make 

the sensing results more intuitively, a spherical coordinate system framework 

including all the 18 cross points is constructed to visualize the entire sensing net 

fabric, as demonstrated in Figure 4-14. The 18 Rp values are assigned to the 

corresponding positions on the spherical coordinate, and the minimum detected value 

is assigned to the rest coordinate points on the sphere. Then the coordinate sphere is 

colored depending on the coordinate point value. If both coordinate line values (RL) 

of a point are high enough, i.e. Rp is much higher than other points, the upright area 
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of the coordinate point will be highlighted, indicating that this cross point is pressed. 

The reason that the supporting lines on the constructed spherical coordinate 

framework are more than the tested fibers is that the sphere surface will be tangled 

when the supporting longitude and latitude lines are removed. Hence, they are just 

kept here and assigned a minimum value. As a result, three points, (0°, 45°), (60°, 

90°), and (120°, 135°), are touched successively and the measured signals are 

visualized in Figure 4-14a-c, respectively, which matches well with the touch 

behaviors. This application exhibits the wide potential of this self-powered touch 

sensing fabric in contact point positioning and large area motion tracking. 

 

Figure 4-14. Contact point detection based on a spherical coordinate. The spherical framework is 

reconstructed according to the 18 cross points and the measured signals from the touch sensing net 

fabric. When a cross point is pressed, the corresponding signal is visualized on the spherical 

coordinates. (a) Point (0°, 45°) is pressed. (b) Point (60°, 90°) is pressed. (c) Point (120°, 135°) is 

pressed. Color bars: Calculated cross point value (Rp), which is the product of the two crossing line 

values. For example: 𝑅𝑝(𝑙𝑜𝑛60°, 𝑙𝑎𝑡90°) = 𝑅𝐿(𝑙𝑜𝑛60°) ∗ 𝑅𝐿(𝑙𝑎𝑡90°). 
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4.5 Summary 

 

In summary, a two-step soluble-core thermal drawing process is developed for 

thermally drawing low modulus and low viscosity thermoplastic materials. Super-

elastic fibers with different architectures are thus obtained and ultra-stretchable 

conductive SEBS fibers are further achieved by injecting liquid metal into hollow 

SEBS fibers. The conductive SEBS fiber offers outstanding stretchability and 

flexibility which maintains excellent conductivity even under 1900% strain or sudden 

hit and stretched by a 1.5 kg load freefalling from a height of 1 meter. Based on the 

triboelectrification effect and electrostatic induction, stretchable and flexible fiber-

based TENGs are fabricated. The working mechanism is clarified and verified by 

both simulation and experimental measurements. Owing to the superior mechanical 

properties of the conductive SEBS fiber, this TENG could work normally under a 

sudden impact and high deformation. Finally, a self-powered touch sensing net fabric 

is built and adapted to the football surface to realize sports performance monitoring. 

The compatibility of is fabrication process with thermoplastic elastomers and the 

demonstration of the touch sensing fabric revealing their broad prospects for self-

powered smart fabric and large-scale soft device integration. Nevertheless, there are 

still some limitations of the conductive SEBS fiber based TENG. The output current 

signal is relatively small, which may result in a limited signal to noise ratio in some 

application scenarios. Creating surface structures on the fiber surface could be an 

effective method to improve its performance, which will be discussed in the next 

chapter. Moreover, although the ends of the SEBS fiber have been carefully sealed 

and the fiber has been tested under high impact, the leakage of the liquid metal is 

always a risk for practical use. Further improvement could be made by developing a 

highly stretchable and conductive electrode instead of using the liquid electrode. 
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Chapter 5 Functional Fibers with 

Designable Surface Pattern via Direct 

Imprinting in Thermal Drawing 

 

5.1 Introduction 

 

In Chapter 4, a conductive SEBS fiber is developed via the thermal drawing process. 

And fiber-based TENGs are further fabricated and applied in constructing self-

powered touch sensing fabric, showing a broad prospect in motion tracking and 

electronic skin. For such a self-powered touch sensor based on TENGs, a higher 

output signal could always lead to a higher sensitivity and signal-to-noise ratio. Thus, 

further efforts should be made for enhancing the performance of TENG. As discussed 

in Section 2.2.2, creating surface patterns on dielectric materials is universal and 

effective to enhance the performance of TENG. Besides, creating 

micro/nanostructures on fiber surface could enable many other unique properties onto 

the current functional fibers to extend their application fields, such as hydrophobic 

surface, coloration, tunable plasmonic behavior, and antimicrobial. Therefore, 

thermally drawing surface patterned fibers is indispensable for both realizing high-

performance wearable TENG and extending the application fields of functional fibers. 

 

However, by far only surface grooves along the fiber’s axial direction were achieved 

[158-161]. To create high-resolution complex surface patterns in arbitrary directions, 

two fundamental challenges must be addressed. The first challenge is the structure 

elongation when a preform is drawn into a fiber. Typically, the resulting fiber is 2 to 

6 orders of magnitude longer than the original preform. Although a well-controlled 

elongation ensures the uniformity along the entire fiber, it in turn stretches all the pre-

defined structures on the preform by the same orders of magnitude along the axial 

direction. This is the main reason that all the reported surface patterns to date are 

aligned along the axial direction. The other challenge is the reflow of heated 
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thermoplastic materials driven by surface tension [93], which leads to the distortion 

of the desired structures, thus resulting in low pattern resolution. F. Sorin, et al, have 

studied the reflow behavior and improved the pattern resolution to sub-micrometer 

by introducing a polymer interface with low surface tension [161]. However, 

choosing two different polymers to construct low surface tension interface not only 

largely restricts the selection of applicable materials, but also reduces the 

compatibility with other inner functional structures, which essentially obstructs the 

further development and applications of surface patterned fibers. Therefore, an 

effective yet universal approach to creating high-resolution complex 

micro/nanostructure beyond axial direction on thermally drawn fibers is vastly 

demanded. 

 

This chapter will propose and demonstrate direct imprinting in thermal drawing 

(DITD) technique to address the above-mentioned challenges and achieve high-

resolution designer micro/nanostructures on fiber surface with good compatibility on 

both materials and inner structures. This technique is based on the fact that the 

thermoplastic materials can be re-shaped during the thermal drawing process by 

directly imprinting high-resolution patterns in arbitrary directions on the soft fiber 

surface after the elongation [336-339], while the imprinted fiber can be cooled down 

rapidly to significantly restrain reflow. Using this technique, a wide variety of regular 

and irregular surface patterns are created on hundreds-meter long fibers with different 

materials and inner structures, illustrating the high stability, high yield, and good 

compatibility of the DITD technique. To understand this process, temperature 

distribution during the DITD process is studied by simulation and verified by 

experimental results. Moreover, key process parameters such as resolution, 

repeatability, and depth control are examined, exhibiting the feature size as small as 

tens of nanometers. Plasmonic behavior of nanopatterned fibers is investigated to 

demonstrate their potential in optical applications. Finally, to reveal this technique’s 

extensive application prospect and good compatibility with functional fibers, TENGs 

are fabricated based on fibers with both flat and patterned surfaces. The output signals 

show that the surface pattern can significantly enhance TENG’s performance. 

Furthermore, a self-powered wearable multipoint touch sensing fabric is successfully 
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built based on the patterned TENG fibers, indicating the DITD technique’s promising 

future in wearable multifunctional fiber-based devices and smart fabrics. 

 

5.2 Fabrication of Various Surface Patterns on Fibers 

with Different Materials via DITD Process 

 

5.2.1 Introduction of the DITD Process 

 

The DITD process is performed on a fiber drawing tower built by SG Controls Ltd. 

Compared to the traditional thermal drawing process, the DITD process introduces a 

pair of rollers with desired surface structures as templates to thermally imprint surface 

patterns onto the drawn fiber. The fabrication process of a PVDF fiber patterned with 

two-dimensional (2D) microdot array will be introduced here as a general example 

of DITD technique.  

 

Figure 5-1. DITD process for producing 2D microdot array on fiber surface. (a) Schematic of the 

DITD process. (b) SEM image of 2D microdot array on fiber surface. (c) Interference pattern when 

the fiber is illuminated by a white supercontinuum laser. 

As sketched in Figure 5-1a, an unpatterned PVDF preform with the width, length, 

and thickness of 30 mm, 200 mm, and 12 mm, respectively, is fixed on top of the 

tower and slowly fed into a furnace with two heating zones at a speed of 1 mm/min. 

The upper heating zone is set at 200 °C for preheating, while the lower zone is set at 
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380 °C to soften the perform. The softened preform in the lower zone is continuously 

drawn down at a speed of 1 m/min. Then a neck-down region is formed in the lower 

heating zone as the softened preform is scaled down cross-sectionally and elongated 

into fiber because of fast drawing and slow feeding. A pair of surface patterned rollers 

are fixed on a pair of 3-axis stages (Thorlabs) and located at both sides of the fiber 

right below the neck-down region. The positions of the two rollers can be adjusted 

by the two stages to make sure the fiber pressed between the two rollers under a 

pressure around 6 MPa. Since the temperature of the neck-down region is still high 

enough to reshape the fiber, an exactly inverted surface pattern can be created on both 

sides of the drawn fiber after being directly pressed by the patterned rollers acting as 

templates. Meanwhile, the patterned fiber cools down rapidly because of the physical 

contact with the rollers, which greatly restricts subsequent distortion caused by reflow 

[93]. While the fiber is being drawn down continuously, the rollers keep rotating to 

imprint patterns onto fiber surfaces smoothly and repeatedly, creating a continuous 

surface pattern on the entire length of the drawn fiber. The drawn fiber is finally 

collected on a capstan. 

 

In the process above, a polyethylene terephthalate (PET)-based 2D micro-hole array 

is attached to both rollers. As a result, PVDF fiber with the inverted surface pattern, 

2D microdot array, on both sides is successfully fabricated via the DITD technique, 

which is verified by SEM in Figure 5-1b. This surface pattern is further tested under 

illumination by white supercontinuum laser as the 2D microdot array served as a 2D 

optical grating. After the white supercontinuum laser propagated through the 

patterned PVDF fiber, the laser is split into several beams in the spatial domain and 

laser with different wavelengths is also separated in different angles in the presence 

of the 2D optical grating. Thus, a sharp 2D interference pattern with “rainbow” colors 

is formed and captured in Figure 5-1c, proving the high quality of the periodic surface 

pattern on PVDF fiber.  
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Figure 5-2. 300-meter long fully patterned fiber collected on a cylindrical bobbin. The enlarged 

photograph shows the interference pattern on the fiber-wrapped bobbin. 

It is worth mentioning that the DITD technique is a high throughput process with 

excellent reliability to produce a single continuous patterned fiber. As exhibited in 

Figure 5-2, a 300-meter long fiber with 2D dot array fully covered on both sides is 

fabricated and collected on a bobbin. The interference pattern can be observed on the 

whole capstan, indicating that the surface pattern is created continuously on the entire 

surface of the 300-meter long fiber. 

 

5.2.2 Creating Various Surface Patterns on Fibers 

 

The surface pattern of the resulting fiber is determined by the patterned rollers in the 

DITD process. The surface patterned rollers can be prepared either by directly 

modifying the roller surface or simply attaching a patterned flexible substrate on the 

roller surface. Therefore, almost all of the processes for fabricating 

micro/nanostructure such as self-assembly [340], lithography [341, 342], focused ion 

beam (FIB) etching [343], and laser machining [344, 345] could be used for preparing 

the patterned rollers, which enables the DITD technique to fabricate fibers with a 

wide variety of surface patterns. 
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Figure 5-3. Various Surface Patterns created on Fibers. (a-c) Parallel lines with both linewidth and 

spacing of 5 m created in different directions (parallel, perpendicular, and 45-degree angle to the 

fiber’s axial direction). Insets: overviews of the patterned fibers. The double arrows represent the 

groove directions (scale bar, 500 m). (d) Surface pattern with nonuniform depth. Inset scale bar, 500 

m. (e) Fiber patterned with customized letters “NTU”. 

As a preliminary demonstration, a Chrome (Cr) mask which frequently used in 

lithography is firstly manufactured with various micro patterns, Then the mask is 

covered by a piece of PEI film and heated to 240 °C under vacuum for 30 mins. The 

inverted patterns are thus transferred to PEI film after cooling down and peeled off. 

Finally, the patterned PEI film is cut and attached on the surfaces of the rollers to 

serve as the templates. Based on these templates with different surface patterns, a 

series of fibers with various surface patterns are fabricated under the same conditions 

via the DITD process. Firstly, parallel lines with both width and spacing of 5 m in 

three directions (parallel, perpendicular, and 45-degree angle to the fiber’s axial 

direction) are created on the surface of PVDF fibers, as shown in Figure 5-3a-c. The 

strict periodicity and sharp edges confirmed the high resolution of the surface patterns. 

Secondly, a more complex pattern (Figure 5-3d) with nonuniform depth is fabricated 
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by changing the template to a 1000-mesh stainless steel screen. Insets of Figure 5-3a-

d present the overview of the respective micropatterned fiber (all the scale bars in the 

insets are 500 m). Further, the ability of imprinting in all directions and high 

resolution enables the DITD technique to produce fibers with arbitrarily designed 

surface pattern. As displayed in Figure 5-3e, customized letters “NTU” is 

successfully imprinted on the fiber surface. 

 

5.2.3 Creating Surface Patterns on Fibers with Different Materials 

 

 

Figure 5-4. Surface patterns created on fibers with different materials. 

Knowing that almost all the thermoplastic materials are applicable to the imprinting 

process, the DITD process is in principle compatible with all the thermoplastic 

materials employed in the thermal fiber drawing process, including amorphous 

polymers such as PC, PEI, cyclic olefin copolymer (COC), and polystyrene (PS), 

semicrystalline polymers such as polyether ether ketone (PEEK) and PVDF, and 

elastomers such as Santoprene and SEBS. As a verification, fibers drawn from PC, 
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PEI, PEEK, and SEBS with the identical surface pattern are fabricated through the 

DITD process as shown in Figure 5-4. 

 

Figure 5-5. Surface patterned SEBS fiber under different stretch ratios. 

Furthermore, the surface pattern does not influence the instinct properties of the 

materials. As shown in Figure 5-5, SEBS fiber with surface pattern fabricated above 

can preserve its superior flexibility as it is stretched to 600% of its original length 

without breaking. The high compatibility on materials selection offers the DITD 

technique great potentials in a wide range of applications. 

 

5.3 Study of the Thermal Behavior and Flow 

Behavior during the DITD Process 

 

Studying the thermal behavior and flow behavior of the fiber is crucial to gain a better 

understanding of the DITD process. According to the process introduction in Section 

5.2.1, the DITD process can be treated as two consecutive processes: traditional 

thermal drawing process followed by surface pattern imprinting process. Since a 

number of previous works [346-348] have carried out in-depth studies of the thermal 

behavior and flow behavior during the thermal drawing process, this section will 

focus on the surface pattern imprinting process after the fiber is drawn out of the 

neck-down region. 
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5.3.1 Thermal Behavior during the Imprinting Process 

 

Figure 5-6. Simulated temperature distribution by setting fiber temperature to 160 °C before 

contacting rollers. 

Finite element analysis is conducted by COMSOL to simulate heat transfer among 

fiber, rollers, and ambient air as well as thermal radiation of all surfaces. All the 

geometry and parameters are defined according to the actual sizes and materials used 

in the DITD process. Specifically, the width, length, and thickness of the fiber are 1 

mm, 100 mm, and 0.3 mm, respectively. And the width and radius of the roller are 

10 mm and 15 mm, respectively. The materials of the rollers and fiber are defined as 

“steel” and “PVDF”, respectively, which are directly chosen from the build-in 

material database in COMSOL. Figure 5-6 shows the simulated temperature 

distribution by setting fiber temperature to 160 °C before contacting with the rollers. 

And the temperature of the fiber drops rapidly to around 118 °C after being pressed 

by rollers, as shown in the enlarged area of Figure 5-6. The rapid temperature drop 

of the fiber during the contact is mainly caused by two factors. One factor is the 

thermal conductivity contrast between the roller and air. The roller used here is made 

of steel, whose thermal conductivity coefficient is around 30 W/m∙K, which is about 

3 orders of magnitude higher than that of air. Thus, the heat transfer between roller 

and fiber is much faster than that between roller and air under the same temperature 
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difference. The other factor is the total heat capacity contrast between roller and fiber. 

During the contact, the fast heat transfer leads to a rapid temperature drop of the fiber 

because of its low heat capacity, while the temperature of the roller only increases a 

little because of the high heat capacity, which helps maintain a high temperature 

difference. Additionally, the large roller size could also help in dissipating heat form 

roller to air. Thus, the temperature of the roller could be maintained at a relatively 

low value by absorbing heat from the fiber and dissipating heat to air simultaneously. 

 

Figure 5-7. (a) Simulated temperature distribution along fibers under different drawing 

temperatures. Rollers are placed at 1 cm. (b) Simulated fiber temperature after the imprinting 

process under different drawing temperatures (black line) and simulated temperature drop 

under different drawing temperatures (red line). 

Considering that the drawing temperature varied with different materials, a parameter 

sweep is further conducted to obtain the temperature distribution along the fiber under 

different drawing temperatures. To simplify the simulation, the temperature of fiber 

is assumed to be constant before contacting rollers. The temperature as a function of 

the distance from the neck-down region is plotted in Figure 5-7a. A rapid temperature 

drop under all drawing temperatures is observed at the distance of 1 cm, which is the 

position of the rollers in the geometry model. At a larger distance, the temperature 

keeps decreasing as the fiber leaves rollers and is drawn downward. The smaller 

curve slops after the fiber left the rollers indicate that the thermal contact between 

fiber and rollers dominates the heat transfer in the imprinting process. Additionally, 

the higher the drawing temperature used, the more the temperature drops when being 

pressed by rollers. To show the trend more clearly, the temperature drop of the fiber 

being cooled down by the rollers under different drawing temperature is plotted in 

Figure 5-7b. 
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Figure 5-8. Thermal images of (a) PVDF fiber and (b) PEI fiber during the DITD process. 

To verify the simulation results, thermal images of PVDF and PEI are captured by a 

thermal camera (FLIR T540) during the DITD process, as shown in Figure 5-8. The 

observed temperature distribution in Figure 5-8a matches with the simulated results 

in Figure 5-6 very well. And the temperature distribution of PEI fiber in Figure 5-8b 

follows a similar trend with the simulated temperature distribution shown in Figure 

5-7a. Also, a temperature drop of 35.5 °C and 51.6 °C is observed after PVDF and 

PEI fiber is pressed by rollers, respectively. 

 

5.3.2 Flow Behavior during the Imprinting Process 

 

The imprinting process could be considered as a pattern transferred from the template 

to the fiber surface. Hence, the ultimate resolution of the imprinted pattern is mainly 

decided by the template. A high-fidelity pattern transfer process ensures the surface 

pattern on the fiber reaches a resolution as high as the template. To achieve this, 

understanding the flow behavior during the imprinting process is crucial. Based on 

the thermal simulation and experimental results above, the thermal imprinting 

process can be divided into two phases for a more detailed discussion about the flow 

behavior.  

 

Phase 1: cavity-fill process 
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Phase 1 is the surface pattern creating by pressing the template to high-temperature 

fiber, i.e., the polymer on fiber surface fills into the cavities on the template to form 

an inverted pattern under pressure. This cavity-fill process determines if high-fidelity 

surface patterns could be created on fibers under high temperature.  

 

Figure 5-9. A simplified model for the flow behavior discussion of the imprint process. 

As sketched in Figure 5-9, the discussion on the flow behavior will base on a 

simplified model, where a template with a rectangular cavity is pressed to a polymer 

fiber on a planar hard substrate. This rectangular cavity is the unit template structure 

of both the striped pattern in this work and many other works in film-based 

nanoimprint lithography [336, 338, 349]. 

 

Figure 5-10. Two flow modes when the polymer fills into the cavity. (a) Single peak formed. (b) 

Double peaks formed. 

There are two possible flow modes as the indenter is pressed downward and the 

polymer flows into the cavity [336, 338]. One is a single polymer peak formed in the 

middle of the cavity (Figure 5-10a). In the case that the polymer fiber is thick, the 

polymer near the sidewall will flow downward driven by the downward shearing 
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force from the sidewall, which has less influence on the polymer in the middle of the 

cavity. Thus, a peak in the middle is formed. The other flow mode is double polymer 

peaks formed near the cavity sidewalls corresponding to Figure 5-10b. This mode 

occurs when the polymer fiber is not thick enough. The polymer between the indenter 

and substrate will form a recognizable lateral flow towards the cavity because of the 

limited space. This lateral flow will slow down after entering the cavity as it is driven 

by the shear near the indenter. Hence, a larger amount of polymer will stay near the 

two sidewalls, forming the double polymer peaks. 

 

H. Rowland et al. put forward a criterion to predict which flow mode will occur 

during imprinting based on their simulation results [336]. They found that a single 

polymer peak would occur when the ratio of cavity half-width (W) to initial film 

thickness (hi) is smaller than 1.2. Otherwise, the double polymer peak will be formed. 

This criterion agrees well with other reported works except for small variations 

around the ratio value of 1.2. 

 

Here in the DITD process, the thickness of the drawn fibers is mostly around 360 m. 

The cavity widths (2W) used in the template are ranging from 300 nm to 20 m (in 

the next section). Considering that the fiber may be patterned on both sides, hi is taken 

as 180 m. Thus, the ratios of W/hi in this work are ranging from 8.3E-4 to 0.06, 

which is much smaller than 1.2. Thus, it could be predicted that a single polymer peak 

will occur in the imprint process (Figure 5-10a). In fact, the thickness of the fiber 

produced via the thermal drawing process is generally larger than 100 m. Therefore, 

the flow mode will always be single peak mode in the DITD process except for 

producing micro/nanopatterned fibers with the pattern size larger than the fiber 

thickness, which is hundreds of micrometers. 

 

Further experiments are conducted to verify that this model and criterion is applicable 

to the imprint process. A template with a square cavity as the unit structure is used. 

And both the cavity width (2W) and cavity height (hc) are 20 m. Two kinds of fibers 

are drawn under the same condition and imprinted by the same template except for 

different applied pressure as shown in Figure 5-11. As the lower pressure will lead to 
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a longer time for the polymer to fully fill the cavity, the middle state of polymer flow 

in the imprint process could thus be observed as the contact time between roller and 

fiber is shorter than the needed time to fully fill the polymer. A single peak mode is 

exhibited in Figure 5-11a, which agrees well with the analysis above. 

 

Figure 5-11. Experimental verification of the single peak flow mode during cavity-fill process. 

(a) Patterned fiber drawn under low imprint pressure (~6 MPa), showing the middle state of the 

polymer filling into the cavity. (b) Patterned fiber drawn under high imprint pressure (~12 MPa). 

Additionally, Reynolds number (𝑅𝑒 = 𝜌𝑢𝐷 𝜂⁄ ) should be examined to decide the 

flow pattern (laminar flow or turbulence flow). In the expression, 𝜌 is the density of 

the polymer, 𝑢 is the flow speed, D is the width of the cavity (2W) in this case, and 

𝜂 is the viscosity of the polymer. In the DITD process, the employed polymer is 

always compatible with the thermal drawing process. Thus, the viscosity range is 104 

Pa∙s to 108 Pa∙s. For micro/nanopatterns, 2W is ranging from 10-8 m to 10-4 m. And 

polymer density could be estimated at the level of 103 kg/m3. Thus, the value of 𝜌𝐷 𝜂⁄  

should be ranging from 10-5 s/m to 10-14 s/m, indicating a very small Reynolds 

number (much smaller than 1). Typically, the laminar flow occurs when Re is below 

2000 [350]. Thus, the flow pattern in the imprint process can be decided as laminar 

flow. 

 

Based on the discussion above, the polymer flow behavior can be inferred: the 

polymer will flow into the cavity in a laminar pattern and form a single peak in the 

middle of the cavity and no obvious literal could be observed. It is worth nothing to 

mention that for an independent nanoimprinting process, regardless of the flow mode 

and flow pattern, the cavity-filling under pressure could always be completed as long 

as the given fill time is long enough, leading to a high-fidelity pattern transfer. 

However, in the DITD process, the imprint process is combined with the thermal 

drawing process. As the fiber is drawing down continuously during the DITD process, 

each point on the fiber surface only contacts with the template for a limited time. If 
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the contact time is not long enough for the polymer filling into the cavity of the 

template, the polymer will not be able to fully fill the cavity in the template, resulting 

in a heavily distorted pattern, like the case shown in Figure 5-11a. Therefore, to 

achieve a high-fidelity pattern transfer, the fill time should be smaller than the contact 

time. 

 

The flow speed as well as the fill time could be estimated according to the flow 

behavior during the cavity-fill process. Assumptions are made that the polymer is 

incompressible, and the laminar flow is steady and in parallel with the sidewalls of 

the cavity. Thus, it follows the continuity equation 𝜕𝑢 𝜕𝑥⁄ = 0 (x is the direction is 

perpendicular to the sidewalls.). Applying the boundary conditions as assumed above 

to the Navier–Stokes equations in fluid mechanics [351], the character flow velocity 

(V) can be obtained as follows. 

 𝑉 = 𝐷2𝑃/3𝜂𝐿 (7) 

where D is the half cavity width (W), L is the character distance, and P is the pressure 

difference between the character distance. In this model, L is taken as cavity height 

(hc), and P as the pressure imposed on the polymer through the indenter (𝑃 = 𝑃0
𝑊+𝑆

𝑆
). 

Thus, the character flow velocity can be expressed as follows. 

 𝑉 = 𝑃0(2𝑊)2(𝑆 + 𝑊)/12𝜂ℎ𝑐𝑆 (8) 

Also, the character fill time for polymer filling can be estimated by taking hc as the 

character distance. 

 𝑡 = ℎ𝑐 𝑉⁄ = 12𝜂𝑆ℎ𝑐
2 𝑃0(2𝑊)2(𝑆 + 𝑊)⁄  (9) 

Where 𝜂 is the viscosity, S is the indenter with, hc is the depth of the cavity, and P0 is 

imprinting pressure. Here, the template used in Figure 5-3a is taken as an example, 

where S, W, and hc are 2.5*10-6 m, 2.5*10-6 m, and 1*10-7 m, respectively. P0 is 

estimated to be 5.7 MPa while a typical viscosity of 106 Pa·s is used. And thus, the 

character flows velocity and fill time can be estimated to be 2.38*10-4 m/s and 0.42 

ms, respectively. This fill time is much shorter than the estimated contact time of 50 

ms, which largely depends on the drawing speed. Therefore, the cavity-fill process 

can be completed in this DITD process. 
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Phase 2: cooling down process 

Phase 2 is the cooling down of the patterned fiber when contacting rollers. This 

cooling down process will help to hinder the reflow deformation and maintain the 

pattern created in Phase 1 after the patterned surface is separated from the templates. 

According to Figure 5-7b, it can be found that during the contact, the rollers will 

decrease the fiber’s temperature by more than 35 °C in general as the commonly used 

materials in fiber drawing are always drawn above 150 °C. For semicrystalline 

polymers such as PVDF and PEEK, such a significant temperature drop will solidify 

them immediately as the relatively strong intermolecular forces will prevent them 

from softening below the melting temperature [352]. Hence, the reflow should be 

negligible after being cooled down by the rollers. While for most amorphous 

materials such as PC and PEI, the temperature will directly drop below their glass 

transition temperature (Tg) after passing through the rollers, thus reflow is also 

restricted. Only for materials with a relatively low Tg such as PS, the temperature 

may stay higher than their Tg after being separated from rollers. Then, the 

characteristic reflow time can be estimated for a periodic surface pattern which is 

defined as 𝜏 = 𝜆𝜂 𝜋𝛾⁄  [161], where 𝜆  is the period and 𝛾  is surface tension. The 

viscosity will significantly increase when temperature decreases, e.g., the viscosity 

of PS will increase by 3 orders of magnitude when the temperature drops from 170 °

C to 130 °C [353]. Here PS’s viscosity and surface tension are taken as 108 Pa·s and 

40 mN/m [354] at 130 °C. In the case of imprinting a pattern with a period of 10-6 m, 

the reflow time can be calculated to be 800 s. Noticing that fiber’s temperature will 

keep decreasing under ambient air after being separated with rollers (Figure 5-7a), 

PS’s temperature will drop below Tg in few seconds, which is much shorter than the 

reflow time of 800 s. Thus, the reflow during phase 2 is negligible and the surface 

pattern created on fibers during phase 1 could be well maintained. 

 

Combining phase 1 and phase 2, conclusion can be made that this imprinting process 

during fiber drawing is in principle compatible with a wide range of materials and 

patterns. Additionally, the DITD process can always be adapted to a specific material 
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or pattern by adjusting the drawing or imprinting parameters including temperature, 

pressure, and drawing speed. 

 

5.4 Pattern Resolution, Repeatability Test, and Depth 

Control of the DITD Process 

 

A resolution test pattern is designed to find the feature size of the DITD technique. 

The high-resolution template (Figure 5-12a) is fabricated by directly writing the 

pattern on PEI film under FIB (Zeiss Crossbeam 540) and an inverted pattern is 

created on the PVDF fiber surface, as shown in Figure 5-12b. A series of raised 

rectangular blocks with different sizes and orientations are created. As demonstrated 

in the enlarged SEM image in Figure 5-12b, the rectangular blocks with a length of 

1.5 m and a width of 500 nm basically maintained their shapes in all directions 

except for some distortions on edges, confirming a feature size in tens of nanometers. 

In view of the slight distortion in the template itself (Figure 5-12a), the actual 

resolution of the patterns should be better than it appears. 
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Figure 5-12. Resolution test pattern including rectangular blocks with different sizes and 

orientations. (a) The high-resolution template fabricated by FIB. (b) Transferred pattern on fiber 

surface. 

Moreover, various nanopattern arrays are created on fibers to examine the stability 

and repeatability of the DITD technique, as presented in Figure 5-13a-c. Each array 

included a large amount of circular or rectangular nanoelements with a predesigned 

period. The round elements have the same radius of 150 nm but different pattern 

period (400 nm in Figure 5-13a and 800 nm in Figure 5-13b), while the rectangle 

element is 2.1 m in length and 700 nm in width. All these nanoelements remains a 

regular shape, exhibiting a stable and repeatable high-fidelity pattern transfer process. 

Additionally, as the fibers’ cross-section images show in Figure 5-13d, a set of 

similarly patterned fibers are fabricated with the pattern depths of 2 m, 8 m, and 

20 m, indicating that the pattern depth is also controllable. The high resolution, high 

stability, and controllable depth of the DITD technique will offer the surface 

patterned fibers extensive application areas. 
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Figure 5-13. Repeatability Test, and Depth Control of the DITD Process. (a) Circular element 

array on fiber surface with radius and period of 150 nm and 400 nm. (b) Circular element array on 

fiber surface with radius and period of 150 nm and 800 nm. (c) Rectangular element array on fiber 

surface. The width and length of the rectangular rods are 700 nm and 2.1 m. (d) Cross-sectional 

images of the patterned fibers, demonstrating the pattern depths of 2 m, 8 m, and 20 m. 

 

5.5 Applications of the Surface Patterned Fibers 

 

5.5.1 Plasmonic Behavior of Nanopatterned Fibers 

 

The ability to combine patterned fiber with plasmonics provides opportunities for a 

variety of applications of fibers, such as biosensing [355], bioimaging [356], and 

mode converters [357]. Here, the plasmonic behavior of the nanopatterned fibers 

(with a 30-nm-thick gold film deposited on top) is investigated using dark-field 

spectroscopy.  
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Figure 5-14. Plasmonic behavior of nanopatterned fibers. (a) (I) SEM image of the gold nanorods 

with an aspect ratio of 3 and the corresponding local electric field spatial distributions with (II) 

transverse and (III) longitudinal laser polarizations. Scale bars of (II) and (III): 1 m. (b) SEM image 

and the corresponding local electric field spatial distributions of the gold cylinders with an array period 

of (I)(II) ≈ 800 nm and (III)(IV) ≈ 400 nm. Scale bars: (I)(II) 300 nm and (III)(IV) 150 nm. Dark-

field scattering spectra of the gold nanorods (c) and gold cylinders (d). Simulated scattering cross-

section of the gold nanorods (e) and gold cylinders (f). 

To fabricate the nanopatterned fibers, a solid PVDF preform with the width, length, 

and thickness of 30 mm, 200 mm, and 12 mm, respectively, is prepared. The 

templates used in the DITD process are the same as those in the repeatability tests 

above. The resultant fiber has a width and thickness of around 1 mm and 400 m, 

respectively. Then the drawn fibers are cut into segments with a length of 3 cm 



115 
 

followed by a 30-nm-thick gold film deposition process on fiber surface under 

electron beam evaporation system (Edwards Auto 306) at a rate of 0.2 Å/s. 

 

Finite-difference time-domain (FDTD) simulations are performed and the local 

electric field spatial distributions of the fiber plasmonic systems are shown in Figure 

5-14a, b, which suggest that hot spots are stimulated. The gold pattern models in 

FDTD are generated from the SEM images as shown in Figure 5-14a(I), 5-14b(I), and 

5-14b(III). For the nanorod structures indicated in Figure 5-14a(I), the measured dark-

field scattering spectra of the plasmonic fiber with transverse (black line) and 

longitudinal (red line) laser polarizations are presented in Figure 5-14c. Two different 

resonances correspond to the transverse and longitudinal modes of the nanorods. For 

the nanocylinder arrays indicated in Figure 5-14b(I) and 5-14b(III), the dark-field 

scattering spectra with an incidence of non-polarized light are presented in Figure 5-

14d. Pattern 1 and pattern 2 refer to Figure 5-14b(I) and 5-14b(III), respectively. Arrays 

with a smaller period (see Figure 5-14b(IV)) possess longer plasmonic resonance 

which is induced by the near-field coupling. An additional peak near 520 nm is 

introduced by the edge roughness. The resulting scattering spectra are reproduced by 

the simulated scattering cross-sections, as presented in Figure 5-14e, f. The slight 

shift of the resonance peaks for both etched patterns when compared with the 

experimental characterizations can be attributed to the gold layer surface roughness 

and the minor edge defects, but a good agreement between the shapes of the measured 

scatterings and the simulated scattering cross-sections is obtained for different 

patterns. 

 

5.5.2 TENGs Based on Micropatterned Multimaterial Fibers 

 

Another feature of the DITD process is that it only modifies fiber’s surface structure 

without influencing its inner structure. This makes it compatible with fibers owning 

different complex inner structures, predicting a bright future of multifunctional fibers 

[207]. TENG is an energy harvesting device that converts mechanical energy 

including sound, vibration, tide, and wind from surroundings to electricity. It has been 

widely studied for powering portable devices and self-powered sensing [358, 359]. 
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Previous works [147, 148] have confirmed that introducing surface pattern can 

effectively enhance the output performance of TENG. Here, TENGs are assembled 

using surface patterned multimaterial fibers fabricated by the DITD technique. 

 

The fabrication process begins with preparing a multimaterial PVDF-cladding/CPE-

core preform. A rectangular hole is engraved in the center of a solid PVDF bar’s 

surface. The width, length, and thickness of the PVDF bar is 30 mm, 200 mm, and 6 

mm, respectively, while it is 16 mm, 120 mm, and 2 mm, respectively for the 

rectangular hole. CPE film is then cut and filled into the rectangular hole layer by 

layer. Subsequently, another solid PVDF bar with the width, length, and thickness of 

30 mm, 200 mm, and 4 mm is put on the CPE filled PVDF bar and the whole structure 

is wrapped by thread seal tape. The preform preparation finishes after consolidating 

the wrapped preform in vacuum over under 175 °C for 2 hours.  

 

Figure 5-15. Patterned multimaterial fiber for TENG. (a) Sketch of the patterned fiber’s cross-

sectional structure (left) and optical image of fiber’s top view (right, scale bar, 400 m). ). (b) SEM 

image of the patterned fiber. (c) Enlarged image of the surface pattern. 

Patterned multimaterial fiber is thus fabricated from the preform prepared above via 

the DITD process. Figure 5-15a schematics the fiber’s cross-sectional structure in 

fiber’s axial direction (left) and displays the optical image of fiber’s top view (right, 

scale bar, 400 m). PVDF is selected as cladding material because of its high 

electronegativity [360], while carbon-loaded polyethylene (CPE) serves as the 

electrode. Both sides of the fiber are patterned with microcylinder array as the SEM 

images show in Figure 5-15b, c.  
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For comparison, the flat-surface fiber with the same dimension is also fabricated from 

the same preform via the traditional fiber drawing process. Both patterned fiber and 

flat fiber followed the same procedure to be assembled into fiber-based TENG. Both 

flat and patterned fibers are cut into short fibers with a length of 10 cm. One end of 

copper wire with a diameter of 50 m is wrapped around one end of short fiber. Silver 

paste is then applied to connect copper wire and CPE exposed at the cross-section 

followed by drying under room temperature. The assembly of single-electrode fiber-

based TENG is completed after a thin layer of PDMS is painted onto the surface of 

dried silver paste to encapsulate the connection area for a stable electrical contact. 

 

Figure 5-16. Working mechanism of the single-electrode TENG based on patterned 

multimaterial fiber. 

The working mechanism of the single-electrode TENG is illustrated in Figure 5-16. 

When external object friction with PVDF, the electron on the surface of the external 

object will be transferred to the surface of PVDF because of its strong 

electronegativity. Thus, the surface of PVDF will bear negative charge while the 

external object bears positive charge. Positive charge will be generated on the CPE 

electrode inside PVDF fiber because of electrostatic induction, as shown in 

Supplementary Figure 5-16a. As the positively charged object is moving close to the 

PVDF fiber, the electrostatic potential of the electrode will increase, resulting in the 

positive charge in the electrode flow towards the ground through the load (Figure 5-
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16b). When the object contacts the PVDF fiber, a large amount of positive charge 

will move to the ground as sketched in Figure 5-16c. Similarly, when the object 

moves away from the PVDF fiber, the positive charge will flow back to the electrode 

as the potential of electrode decreases, generating current from ground to the 

electrode (Figure 5-16d). Finally, the charge distribution will go back to the original 

state after the object moves far away from the PVDF fiber. As the external moves 

close to and away from the PVDF fiber repeatedly, an alternating current will flow 

through the load, converting mechanical energy into electricity. 

 

Figure 5-17. Output performance of both flat and patterned fiber-based TENGs. (a) Schematic 

of TENG’s performance measurement. (b) Open-circuit voltage of both flat and patterned fiber-based 

TENGs. (c) Short-circuit current of both flat and patterned fiber-based TENGs. 

The working mechanism discussed above indicates that the charge amount on the 

fiber surface is crucial to the performance of TENG. Creating a surface pattern has 
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been proved to be an effective approach to increase the surface charge amount as the 

surface pattern could increase the surface charge density and enhance the friction 

[148, 149]. Therefore, the TENG based on surface patterned fibers is expected to 

offer better performance than that based on flat fibers. As sketched in Figure 5-17a, 

the output performance of the TENGs based on both flat and patterned fibers is 

measured by connecting 5 copper wires from 5 short fibers together. As plotted in 

Figure 5-17b, c, the open circuit peak voltage of TENG increases from 2.1 V to 4.8 

V due to the presence of surface pattern, while the short circuit peak current of TENG 

increases from 160 nA to 500 nA, corresponding to the current density of 0.9 mA/m2 

and 2.9 mA/m2, respectively.  

 

Figure 5-18. Durability test for patterned fiber-based TENG. 

Moreover, a long-term stability test of TENG based on patterned fibers is conducted 

as shown in Figure 5-18. The TENG experiences a charge accumulation period at 

first and then works stably for more than 40k working cycles. These experimental 

results indicate that the patterned fiber fabricated by DITD is durable enough for 

wearable applications. 

 

5.5.3 Self-Powered Wearable Multipoint Touch Sensing Fabric 
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Figure 5-19. Self-powered wearable multipoint touch sensing fabric. (a) Self-powered wearable 

multipoint touch sensing fabric wrapped on a wrist. (b) The developed view of the touch sensing fabric. 

Letter “A” to “G” denoting the 7 fibers respectively, while the number representing the touching 

sequence labeled in (c). (c) Measured output signals from all the 7 fibers in the touch sensing fabric. 

A TENG with higher performance will lead to higher sensitivity and higher signal-

to-noise ratio when applied to self-powered sensing applications. Therefore, based on 

the patterned fibers fabricated above, a wearable self-powered multipoint touch 
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sensing fabric is further developed. As demonstrated in Figure 5-19a, three 10-cm-

long patterned fibers and four 8-cm-long patterned fibers are weaved into a piece of 

cloth and intersected at 12 sensing nodes wrapped around the wrist. When an external 

object such as fingers, gloves, and metal blocks approaches a certain sensing node, 

the charge distribution on the electrodes of the two crossed fibers connecting to this 

node changes because of the electrostatic induction, resulting in voltage output. 

Hence, the touched point can be electrically illustrated by monitoring the output 

signals of the 7 fibers. Both single-point and multipoint tests are performed by slight 

finger touches. And the output signals are recorded in Figure 5-19c. The numbers 

labeled on the nodes in the developed view of the wearable sensor (Figure 5-19b) 

represent the touching sequence under test. For instance, the first touch occurs on the 

node intersected by fiber B and E, matching with the result that output voltage is only 

detected on fiber B and E. Similarly, in the 5th touching test, output voltages are 

detected on fiber A, B, C, and D simultaneously, indicating a multipoint touching on 

the leftmost 3 nodes. All the nodes are tested during the 6 touches and the results 

agree with touch behaviors very well. Additionally, all the generated voltage from 

the touch sensing fabric is several volts, which is convenient to be detected. 

 

5.6 Summary 

 

In this chapter, a DITD technique is successfully developed for one-step and large-

scale fabrication of micro/nano-patterned fibers. The surface patterns can be 

implemented in all directions and possess a feature size of tens of nanometers. This 

technique is compatible with almost all the materials and inner structures used in the 

thermal fiber drawing process. The thermal behavior and flow behavior of the fiber 

during the DITD process are comprehensively studied. The pattern resolution, 

repeatability, and depth control are also examined to demonstrate the great potential 

of the DITD technique in a variety of applications. As a proof of concept, three 

applications are further demonstrated. The plasmonic behavior of nanopatterned 

fibers is investigated. And a patterned multimaterial fiber-based TENG is assembled 

which is proved to have a higher performance than the TENG assembled from the 

flat-surface fiber. Moreover, a wearable self-powered multipoint touch sensing fabric 
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is constructed and tested. These applications represent the bright future of the DITD 

technology in multifunctional fiber-based devices, wearable electronics, and smart 

fabrics. 
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Chapter 6 Conclusions and Recommendations 

 

6.1 Conclusions 

 

In this thesis, novel functional polymer fibers for thermal sensing and touch sensing 

applications are developed based on the thermal drawing technique which possesses 

unique advantages such as high throughput and good compatibility. And sensing 

fabrics based on these fibers are further demonstrated to reveal their promising 

prospects. Additionally, various surface patterns are created on the fiber surface by 

modifying traditional thermal drawing technique, which could both improve the 

sensing fabrics and realize more unique functionalities for future applications in fiber-

based devices and smart fabrics. More specific results are summarized as follows. 

 

First, a thermoelectric fiber is developed for thermal sensing and positioning fabric. 

The thermally drawn thermoelectric fiber compromises a polymer cladding and an 

amorphous semiconductor core, leading to high flexibility and uniformity. Owing to 

the large Seebeck coefficient of the thermoelectric core, the voltage response is 

recognizable even the temperature change is smaller than 0.05 °C. And the spatial 

resolution for positioning thermal source is in millimeter level. These results are also 

verified by simulations. Furthermore, a flexible thermal sensing fabric based on a 

network by 3 × 3 thermoelectric fiber array is constructed for simultaneously 

realizing thermal sensing and positioning, suggesting applications in health-

monitoring products, large-area thermography, and electronic skins. 

 

Second, an ultra-stretchable conducive SEBS fiber is achieved and a self-powered 

touch sensing net fabric is built for monitoring sports performance. A two-step 

soluble-core thermal drawing process designed for low modulus and low viscosity 

materials is introduced for fabricating SEBS fibers with customized architectures. 

The ultra-stretchable conducive SEBS fiber is thus achieved by injecting liquid metal 

into the hollow core of SEBS fiber. The conductivity is well maintained under 1900% 

strain or sudden hit by a 1.5 kg load freefalling from a height of 1 meter. Subsequently, 
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TENGs based on the conducive SEBS fiber are studied and their performance under 

high impact and long-term working are tested. Finally, a self-powered touch sensing 

net fabric is built and adapted to the football surface to realize sports performance 

monitoring. This two-step soluble-core thermal drawing process and the touch 

sensing fabric indicate their broad prospects for self-powered smart fabric and large-

scale soft device integration. 

 

Last, a DITD technique is proposed for fabricating micro/nano-patterned fibers for 

further improving the performance of fiber-based TENG devices and extend the 

applications of thermally drawn fibers. The surface patterns can be implemented in 

all directions and possess a feature size of tens of nanometers. And the DITD 

technique is compatible with almost all the materials and inner structures used in the 

thermal fiber drawing process. Both thermal behavior and flow behavior of the fiber 

during the DITD process are comprehensively discussed to illustrate the feasibility 

of the DITD technique. Moreover, Pattern resolution, repeatability, and pattern depth 

control are further examined, showing a featured size as small as tens of nanometers. 

Al last, three applications are further demonstrated. The plasmonic behavior of 

nanopatterned fibers is investigated to reveal its potential in mode converter and 

biosensing. A patterned multimaterial fiber-based TENG is assembled, which shows 

a higher performance than the TENG assembled from the flat-surface fiber. And a 

wearable self-powered multipoint touch sensing fabric is constructed and tested. 

These applications represent the bright future of the DITD technology in 

multifunctional fiber-based electronics and smart fabrics. 

 

6.2 Recommendations for Future Works 

 

Based on the works in this thesis, several future directions can be recommended as 

below. 

 

Developing thermoelectric fibers with higher thermoelectric performance and new 

functionalities such as power generation and refrigeration. This thesis exhibits the 

possibility of incorporating thermoelectric material into polymer fiber to realize 
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thermal sensing with a simple core-shell structure. As the thermal drawing technique 

possesses the ability to incorporate multimaterial and complex architectures in a 

single fiber, further development of the thermoelectric fibers could be achieved by 

integrating several thermoelectric cores or construct different electrode 

configurations. For example, incorporating several pairs of n-type and p-type 

thermoelectric cores and connecting them in series will effectively increase the output 

voltage, which is beneficial in thermal sensing applications. Also, integrating 

electrodes inside the fiber along the entire fiber length, that is, electrically connecting 

the thermoelectric cores at two sides instead of connecting at two fiber ends, will lead 

to lower internal resistance for higher performance in power generation and cooling 

applications. Furthermore, a convergence fiber drawing approach is recently 

developed for including materials with a high melting temperature into the low-

temperature polymer fibers [108, 361]. Hence, thermoelectric materials with higher 

performance such as SnSe and Bi2Te3 may be incorporated into polymer fibers 

through this approach. Achieving this and combining with well-designed fiber 

architecture and electrode configuration could lead to a great advance towards 

personal thermal management fabrics that achieving both thermal sensing and human 

body thermal comfort.  

 

Applying modern textile technology to thermally drawn fibers for producing highly 

integrated functional fabrics at industrial scales. Although the demonstrated fabrics 

in this thesis are hand made with a simple structure as a proof of concept, the 

thermally drawn fibers introduced are all fabricated at hundreds of meters scale, 

which is potentially compatible with the modern textile technology. Previous works 

in TENGs [362-364] have demonstrated various fabric structures such as 2D weaving, 

2D knitting, and 3D penetrated and shown better output performance than single 

fibers. Also, fabrics with different structures possess different advantages in 

mechanical properties such as high flexibility, strength, and stretchability. Thus, it 

can be inferred that combining the high yield and good compatibility thermal drawing 

technique with modern textile technology will enable the fabrics with a wide range 

of advanced functions not limited to TENG-based touch sensing. Furthermore, the 
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ability to incorporate different fibers into fabric will lead to multifunctional fabrics 

towards smart fabrics. 

 

Integrating disparate functions in a single fiber by combining surface patterns, 

functional materials, and fiber architectures. Chapter 5 proposes a DITD technique 

to create surface patterns on fibers and demonstrate its application in enhancing the 

performance of fiber-based TENG. Noticing that different surface patterns could 

realize different functions and the created surface pattern only alter the surface of the 

fibers without affecting inner material and architecture, various functionalities can be 

brought to current functional fibers as additional values. Therefore, the tremendous 

combinations of surface patterns, functional materials, and fiber architectures 

represent the countless possibilities of multifunctional fibers. For example, according 

to the thermal sensing fiber and touch sensing fibers introduced in this thesis, a fiber 

can be further developed by designing an architecture to incorporate both 

thermoelectric material and in-fiber electrode followed by creating a 

superhydrophobic surface. This developed fiber will integrate three functionalities: 

thermal sensing, touch sensing, and self-cleaning, which will be of great potential in 

self-cleaning sensing fabrics. 
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