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Multi-Material Fiber Fabrication and Applications in Distributed Sensing 

Li Yu 

ABSTRACT 

Distributed sensing has been an attractive alternative to the traditional single-point 

sensing technology when measurement at multiple locations is required. 

Traditional distributed sensing methods based on silica optical fiber and electric 

coaxial cables have some limitations for specific applications, such as in smart 

textiles and wearable sensors. By adopting the fiber thermal drawing technique, we 

have designed and fabricated multi-material electrode-embedded polymer fibers 

with distributed sensing capabilities. Polymers sensitive to temperature and 

pressure have been incorporated into the fiber structure, and thin metal electrodes 

placed inside fiber by convergence drawing have enabled detection of local 

impedance change with electrical reflectometry. We have demonstrated that these 

fibers can detect temperature and pressure change with high spatial resolution. We 

have also explored the possibility of using polymer optical fiber in a Raman 

scattering based distributed temperature sensing system. Stokes and Anti-Stokes 

signals of a PMMA fiber illuminated by a 532 nm pulsed laser was recorded, and 

the ratio was used to indicate local temperature change. We have also developed a 

unique way to fabricate porous polymer by thermal drawing polymer materials 

with controlled water content in the polymer. The porous fibers were loaded with a 

fluorescent dye, and its release in tissue phantoms and murine tumors was 

observed. The work has broadened the scope of multi-material, multi-functional 

fiber and may shed light on the development of novel smart textile devices.   
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GENERAL AUDIENCE ABSTRACT 

In recent years smart textiles and wearable gadgets have already changed the way 

we live. There has been increasing industrial interest to develop novel flexible, 

stretchable devices that can interact with human and the environment. Thermal 

drawing technique originally invented for manufacturing telecommunication 

optical fiber has been used by researchers to fabricate fibers with more 

functionality. In this work, we report the progress made on the fabrication of multi-

material fiber. Soft polymer fibers capable of measuring temperature and pressure 

were designed and made by the thermal drawing technique. Submillimeter fibers 

with thin copper electrodes have shown potential to be readily embedded in a smart 

fabric to provide 1D information in one direction or woven into a 2D pattern for 

area monitoring. We have also explored another temperature measurement scheme 

using polymer optical fibers with a pulsed laser. Compared with the electronic 

fibers, it is less susceptible to electrical noise and more robust. Lastly, we have 

shown a unique way to generate porosity in thermally drawn polymer fibers. The 

elongated pores in the fibers come from water escaping the fiber during the 

fabrication process. The three aspects of the project expand the scope of multi-

material, multi-functional fiber and can shed light on the future development of 

electronic textile devices. 

   



 

iv 

 

Acknowledgements 

First of all, I would like to express my deepest gratitude to my advisor, Dr. Anbo 

Wang, for his professional guidance, enormous encouragements, and tremendous 

help. He taught me a great deal about scientific research and life in general. 

Without his guidance and persistent help, my research progress in this subject and 

this dissertation would not have been possible.  

Very special thanks go to Dr. Xiaoting Jia for her continuous support on this 

project. I would like to thank her for sharing with us her knowledge and expertise, 

and for her help and confidence.  I would like to extend my gratitude to other 

members of my Ph.D. advisory committee, Dr. Yizhen Zhu, Dr. Luke Lester, Dr. 

Gary Pickrell and Dr. Yong Xu for their help, support, and comments. My sincere 

appreciation also goes to Dr. Yuanyuan Guo for teaching me the fiber drawing 

technique and offering helpful suggestions. I also would like to thank Dr. Daniel 

Homa and Dr. Rong Tong for all the productive discussions.  

It has been an unforgettable experience to be a member in Center for Photonics 

Technology (CPT) during my graduate study. I would like to thank all the 

colleagues that I have worked with in CPT. They are all my sincere friends, and 

discussions with them are very beneficial. 

Finally, I would like to thank my parents, who have always been supportive. They 

have always been there, and I appreciate all they have done for me. 

 

 



v 

 

Table of Contents 

Chapter 1 Introduction .................................................................................................................... 1 

Chapter 2 Distributed Sensing Principle ......................................................................................... 5 

2.1 Transmission Line Model ..................................................................................................... 5 

2.2 Detection Scheme ................................................................................................................. 8 

2.2.1 Time Domain Reflectometry ......................................................................................... 8 

2.2.2 Frequency Domain Reflectometry ................................................................................. 9 

Chapter 3 Multi-material Fiber Fabrication .................................................................................. 11 

3.1 Thermal Drawing Technique .............................................................................................. 11 

3.2 Material Selection ............................................................................................................... 15 

3.3 Fabrication of Temperature Sensing Fiber ......................................................................... 18 

3.4 Fabrication of Pressure Sensing Fiber ................................................................................ 20 

3.4.1 Hollow Structure Fiber ................................................................................................ 20 

3.4.2 Solid Structure Fiber .................................................................................................... 22 

Chapter 4 Measurement and Result .............................................................................................. 30 

4.1 Interrogation System Setup ................................................................................................. 30 

4.2 RF Transformer for Low-reflection Connection................................................................. 33 

4.3 Result for Temperature Sensing Fiber ................................................................................ 35 

4.4 Result for Pressure Sensing Fiber ....................................................................................... 40 

4.5 Discussion ........................................................................................................................... 44 

4.5.1 Fiber Transmission Loss .............................................................................................. 45 

4.5.2 Long-term Stability ...................................................................................................... 50 

4.5.3 New TPE Materials ...................................................................................................... 51 

Chapter 5 Polymer Optical Fiber Raman Temperature Sensing ................................................... 53 



vi 

 

5.1 Brief Discussion about Polymer Optical Fiber ................................................................... 53 

5.2 Raman Scattering Based Temperature Sensing .................................................................. 54 

5.3 Result and Discussion ......................................................................................................... 55 

Chapter 6 Porous Polymer Fiber ................................................................................................... 58 

6.1 Review of Porous Fiber and Material Selection ................................................................. 58 

6.2 Fiber Drawing and Characterization ................................................................................... 60 

6.3 Proof-of-concept Demonstration of Drug Release by Porous Fibers ................................. 64 

Chapter 7 Summary ...................................................................................................................... 66 

Reference ...................................................................................................................................... 68 

 

 

 

 

 

 

 

 

 

 

 

 



vii 

 

List of Figures 

Figure 2-1 (a) Transmission line model of a two-electrode fiber (b) Calculated impedance of 

two-electrode fiber with different D/d ratio .................................................................................... 7 

Figure 2-2 Illustration of two fiber structures proposed for pressure sensing ................................ 8 

Figure 2-3 Illustration of the distributed sensing principle for a TDR system ............................... 9 

Figure 3-1(a) Fiber draw tower in Center for Photonics Technology, Virginia Tech (b) Control 

interface for the draw tower system .............................................................................................. 13 

Figure 3-2 Illustration of convergence drawing of two copper wires inside a polymer preform . 15 

Figure 3-3 (a) Photo showing copper wires entering the aluminum guiding tubes attached to the 

preform holder (b) Photo showing copper wires exiting the guiding tube and going into the 

hollow channels of the preform (c) Photo of the preform used for the drawing (red arrow 

indicates the position of the copper wires) ................................................................................... 19 

Figure 3-4 (a) spools of the three fibers with 125 μm copper electrodes inside (b) Optical 

microscope image of the fibers from left to right: PMMA fiber, PC/PVDF fiber and LDPE fiber, 

scale bar is 500 μm ....................................................................................................................... 20 

Figure 3-5 Simulation of polymer fiber deformation under 0.5 MPa: PC fiber (top left); 

rectangular PE fiber (top right); 125 μm wall PE fiber (lower left) and 100 μm wall PE fiber 

(lower right). Electrodes are omitted in the simulation. Number in the figures indicated 

deformation ................................................................................................................................... 21 

Figure 3-6 (a) The preform after failed thermal drawing (b) The 1 by 1.25 inch LDPE preform 

before drawing (c) Optical microscopic photo of the cross section of the LDPE fiber drawn ..... 22 

Figure 3-7 (a) TPE block from hot press, (b) TPE/PMMA preform with hollow channel in the 

PMMA .......................................................................................................................................... 23 

Figure 3-8 (a) five-layer TPE/PMMA preform with center plate, (b) fiber drawn from the 

preform, (c) fiber drawn with modified, seven-layer fiber drawn from modified preform and (d) 

split fiber after several meter ........................................................................................................ 24 

Figure 3-9 (a) Preform made from inserting the core preform into a 7/8 by 1 inch PMMA square 

tube (Photos are taken after thermal drawing thus the preform show deformation from the 

heating), (b) and (c) Preform made from consolidating four PMMA plates around the core 



viii 

 

preform (Photos are taken after thermal drawing thus the preform show deformation from the 

heating) ......................................................................................................................................... 26 

Figure 3-10 (a) Schematic of a PC/PVDF/TPE fiber structure (b) Cross section image of a 

preform before drawing ................................................................................................................ 27 

Figure 3-11 Flowchart of the preform fabrication steps ............................................................... 28 

Figure 3-12 (a) Optical microscopic photo of the PC/TPE/PVDF fiber with 80 μm copper 

electrodes (b) Optical microscopic photo of the same fiber after cladding etched with DCM .... 28 

Figure 3-13 (a) 50 μm Tungsten electrode embedded polymer fiber, (b) DC motor with a 50 μm 

Tungsten spool mounted on the draw tower for active wire feeding (c) TPE fiber cross section 

before etch (d) TPE fiber cross section after etch ......................................................................... 29 

Figure 4-1 (a) Schematic of TDR interrogation system for pressure sensing fiber, (b) Time-

domain reflection signal received by the oscilloscope ................................................................. 31 

Figure 4-2 (a) 5 m of LDPE hollow fiber interrogated by the TDR system (b) Reflection 

coefficient change detected by the TDR system (c) The linear fit of the time delay vs. pressed 

location .......................................................................................................................................... 31 

Figure 4-3 (a) Schematic of FDR interrogation system for pressure sensing fiber, (b) and (c) 

magnitude and phase data collected by VNA, (d) Time domain reflection coefficient information 

calculated from the frequency scan ............................................................................................... 32 

Figure 4-4 (a) RF transformer electrical schematic (copied from the data sheet) (b) RF 

transformer soldered to PCB, connecting SMA cable (left side) and fiber (right side)................ 35 

Figure 4-5 Reflection coefficient signal after inverse Fourier Transform of a fiber connected to 

the RF transformer ........................................................................................................................ 35 

Figure 4-6 (a) LDPE fiber attached to two TECs, (b) Reflection coefficient change when the 

TECs are heated or cooled ............................................................................................................ 36 

Figure 4-7 (a) Schematic of measuring temperature response of the LDPE fiber (b) system setup 

showing the fiber passing though the electric furnace. A current source for the furnace and a 

multimeter capable of reading temperature are shown in the back (c) reflection coefficient 

difference compared to the room temperature value (d) calibration curve for the LDPE fiber. ... 37 

Figure 4-8 (a) Reflection coefficient difference compared to room temperatures, (b) calibration 

curve for the PVDF/PC fiber. ....................................................................................................... 38 



ix 

 

Figure 4-9 Reflection coefficient difference of PMMA fiber compared to room temperature, 

shadow region represent the heated section .................................................................................. 39 

Figure 4-10 (a) Reflection signal for LDPE hollow fiber, (b) Reflection signal for PMMA/TPE 

layered fiber .................................................................................................................................. 40 

Figure 4-11 (a) Hand press the PC/PVDF/TPE fiber with 80 μm copper electrodes (b) reflection 

signal from the hand press (c) The time delay of the negative peak vs. the location of the press 41 

Figure 4-12 (a) Photo showing fiber is placed between the scale and a linear stage (b) pressure 

response of fiber at two locations (c) sensitivity of fiber vs. pressure at two locations ............... 42 

Figure 4-13 (a) A loose grid made by weaving a continuous pressure sensing fiber with non-

functional short fibers (b) Reflection signal recorded by VNA in three scenarios ....................... 44 

Figure 4-14 Pressure response of PC/TPE fiber at different point ............................................... 44 

Figure 4-15 (a) Real component of the frequency responses of the three reflectors, only showing 

3~500 MHz for better viewing (b) total frequency response from the three reflectors and the 

result after multiplying a Hann window (c) reconstructed reflection signature from inverse 

Fourier Transform. ........................................................................................................................ 46 

Figure 4-16 (a) Real component of the frequency responses of the three reflectors, the 

transmission line has a 0.1 Np/m attenuation coefficient, only showing 3~500 MHz for better 

viewing (b) total frequency response from the three reflectors and the result after multiplying a 

Hann window (c) reconstructed reflection signature from inverse Fourier Transform and the 

calibrated reflection result............................................................................................................. 47 

Figure 4-17 (a) Real component of the frequency responses of the three reflectors, the 

transmission line has maximum 0.3 Np/m attenuation coefficient at 4803 MHz, only showing 

3~500 MHz for better viewing (b) total frequency response from the three reflectors and the 

result after multiplying a Hann window (c) calibrated frequency response (d) reconstructed 

reflection signature from direct inverse Fourier Transform and the calibrated reflection result 

from the calibration frequency response. ...................................................................................... 49 

Figure 4-18 Corrected pressure response at different point .......................................................... 50 

Figure 4-19 Mold for TPE pellets (top), molded TPE (left) and TPE pellets (right) ................... 52 

Figure 5-1 Raman scattering based temperature sensing principle .............................................. 55 



x 

 

Figure 5-2 (a) Raman scattering based distributed temperature measurement system (b) Raman 

spectrum of the PMMA fiber measured with the system and a spectrometer .............................. 57 

Figure 5-3 (a) Ratio of the Anti-Stokes and the Stokes intensity along the fiber when the middle 

section of the PMMA fiber was heated (b) the peak Anti-Stokes to Stokes ratio vs. temperature57 

Figure 6-1 (a) Weight increase of PC and PMMA 1 inch rod immersed in 60 ºC water (inset: 

PMMA before (left) and after one-month water bath (right)) (b) and (c) PC and PMMA heated in 

oven for 30 minutes (in both figures front row: in vacuum, back row: in air; from left to right: 

temperature is 160 ºC, 180 ºC and 200 ºC). Figure reproduced from reference [97] ................... 60 

Figure 6-2 (a) 1 inch PC rod after thermal drawing showing porosity in heated region (b) PC 

three-layer preform after consolidation at 180 ºC (core diameter 0.25 inch, porous cladding 

diameter 0.75 inches, outer cladding dimeter 1inch) ). Figure reproduced from reference [97] .. 61 

Figure 6-3 SEM images of the cross sections of porous fiber, red dash lines mark the porous 

region and the black dash line circles the fiber boundary, scale bar is 100 μm. Figure reproduced 

from reference [97] ....................................................................................................................... 63 

Figure 6-4 (a) SEM image of the cross section of porous fiber made from PC and PMMA (b) 

Optical microscopic image of the porous fiber with light injected to the core region from the 

other end. Scale bar is 100 μm. Figure reproduced from reference [97] ...................................... 64 

Figure 6-5 (a) Photo of agarose gel blocks with inserted porous polymer fiber (b) Fluorescent 

image showing dye release from fiber to the gel shown in (a) (c) Photo of murine 4T1 tumors 

used in the simulated drug release test (d) Fluorescent image of dye released in tumors in (c) The 

color in (b) & (d) is presented as the radiant efficiency. In all figures, from left to right test 

subjects were inserted with the porous-cladding PC fiber, the capillary tube-cladding PMMA 

fiber and the porous-cladding PMMA fiber. Figure reproduced from reference [97] .................. 65 

 

 

 

 



xi 

 

List of Tables 

Table 3-1Thermoplastic polymer materials used in this work...................................................... 16 

Table 3-2 Young’s modulus of common thermoplastics [79, pp 443] ......................................... 18 

Table 6-1 Preform geometry and fiber drawing parameters, reproduced from reference [97] ..... 62 

Table 6-2 Optical transmission loss of Fiber A-D, reproduced from reference [97] .................... 63 

 

 

 

 

 

 

 

 

 

 

 

 

 



1 

 

Chapter 1 Introduction 

Distributed sensing is a technology that enables continuous measurement along the length of a 

continuous sensing element. Unlike traditional sensing systems that rely on multiple discreet 

sensors at different locations, distributed sensing system utilizes a single component such as 

optical fibers or electrical cables to sense the surrounding environment. It provides a cost-

effective solution for applications that call for a large number of measurement points. Fiber or 

cable-based distributed sensing system also has the advantage of being flexible and having a 

small footprint, high spatial resolution and short response time.  

One of the early examples of distributed measurement systems is using time-domain 

reflectometry to locate and characterize faults in electrical cables [1, 2]. Reflectometry on 

electrical cables has then been widely used in many areas. Coaxial cables have been grouted in 

rocks to monitor rock mass deformation or unstable slopes [3-5], and they have been installed 

underground to measure soil water content [6]. This method has also been applied to monitoring 

civil structures where embedded cables can detect hidden crack damages [7, 8]. The use of 

commercial coaxial cables that are not optimized for sensing purposes limits the scope they can 

be used. The cables’ relative large diameter also poses a challenge for them to be woven into 

fabrics. 

Another group of distributed sensing systems are based on fiber optic sensors. Silica optical 

fibers are submillimeter fused silica optical waveguides thermally drawn from large diameter 

silica rod called preforms. Although they are designed for high-speed telecommunication, silica 

optical fibers have also been used as sensors to measure temperature, strain, chemicals and more 

[9, 10]. Distributed fiber optical measurements have been realized by fiber Bragg grating (FBG) 

array [11, 12], Raman scattering based distributed temperature system (Raman DTS) [13], 

Brillouin optical time domain reflectometry/analysis (BOTDR and BOTDA) [14], frequency 

domain reflectometry (OFDR) [15], and many other methods. Their applications include 

downhole oil and gas monitoring, structure health monitoring, and pipeline leakage detection. 

Despite their higher transmission loss compared to silica optical fibers, polymer optical fibers 

have been widely used in short-distance data communication. Researchers have also used them 
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for fiber-based optical sensing. The same sensing principles mentioned above have been applied 

to the polymer optical fiber sensors with the focus on strain measurement due to the smaller 

Young’s modulus and larger elongation limit of polymer materials compared to silica [16-18]. 

The measurement range of a polymer optical fiber distributed sensing system is mainly restricted 

by the transmission loss of the polymer optical fiber, which are two orders of magnitude higher 

than that of the silica fiber. For optic fiber based distributed sensors, the complexity and cost of 

most systems are the major hurdles that keep them from being used in consumer smart textile 

applications and products. 

In recent years, the industrial interest in smart textiles and wearable electronics has attracted 

researchers to develop devices with various functionalities that can be integrated into fabrics [19, 

20]. Electronic textiles have the advantage of being flexible, stretchable, and lightweight and 

they have been used in devices for display, sensing, energy harvest, and communication [21-24]. 

The fabrication techniques range from conventional deposition, coating on fiber-shaped 

substrates, to various spinning methods [25-28]. Among the numerous fiber-processing 

techniques, fiber thermal drawing technique initially designed for telecommunication optical 

fiber has been expanded to making various multi-material and multi-functional fiber structures 

[29-31]. Multilayer dielectric fibers with unique light-guiding properties were first reported in 

1998 [32, 33]. Active fiber lasers utilizing the multilayer structure were soon developed, and 

fibers with electronic and optoelectronic functions have been fabricated by incorporating 

semiconductor materials in the fibers [34-36]. More advanced functional fibers, such as 

piezoelectric fibers, capacitive fibers, and surface-patterned fibers continue to emerge from the 

exploration of novel fiber materials and structures [37-40]. Some of the latest development 

includes diode-embedded fibers and stretchable fibers with a promising application in smart 

textiles [24, 41]. These functional fibers are not only used to make electronic textiles [24, 41-43], 

but also used as biomedical probes for neural recording [44, 45], nerve guidance scaffold [46, 

and specialized optical waveguide [47-50]. The thermal drawing process is also adapted to 

fabricate nanomaterials including nano-wires, nano-tubes, and nano-spheres [51-54].  One major 

advantage of the thermal drawing technique is achieving complex micro- and nano-scale feature 

size within a fiber from a macro-size preform.  During the drawing process, the material and the 



3 

 

geometry can remain the same while the fiber’s overall dimension is being reduced to sub-

millimeter or smaller. Exceptions are the fabrication of nanosphere and reactive drawing where 

materials geometry and composition are intentionally altered during the drawing [55-56]. The 

technique also provides good production scalability that hundreds meter of fiber can be drawn 

from a single preform. With the breakthrough in understanding the fluid dynamics and rheology, 

a wide selection of functional materials can be co-drawn with traditional amorphous materials 

including glasses and thermoplastic polymers, which greatly increases the prospect of multi-

material fibers research.  

Multi-material fiber fabricated from thermal drawing for sensing application has been explored. 

Temperature and pressure are the most common parameters to be measured and multi-material-

fiber based temperature and pressure sensors have been reported [36, 41, and 57]. The working 

principle of the heat-sensing fiber reported by Bayindir et al. is the temperature-dependent 

resistance change of the semiconducting glass inside the drawn fiber. Since the resistance of the 

fiber is proportional to the thermal excitation along its whole length, an array of the fiber was 

assembled to provide spatial information of the excitation and each fiber requires a separate 

circuit for the resistance measurement [36]. For the two pressure sensing fibers reported by 

Nguyen-Dang et al. and Qu et al., the location of the pressure was determined by electric contact 

and the maximum number points can be detected was limited to two [41, 57].  

In this work, we have demonstrated the thermal drawing of multi-material fibers that can detect 

and localize temperature and pressure change by one-end connection with multi-point detection 

capability. Two copper electrodes inside the fiber form a parallel wire transmission line that 

responds to local perturbation. Frequency domain reflectometry was used to determine the 

location and extent of the change. We have combined the thermal drawing technique for multi-

material fibers and reflectometry detection methods used in electrical cable distributed sensors to 

achieve both simplicity in detection and scalability for production. The result has opened new 

direction towards functional fiber and fabrics for pressure and temperature mapping. 

The structure of the manuscript is as follows. The sensing principle of the multi-material 

electrode-embedded polymer fiber is described in the next chapter. We also present the detection 
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schemes to interrogate the sensing fiber in the same chapter. In chapter three, we focus on the 

thermal drawing technique and the fabrication process of the fibers used for temperature and 

pressure measurement. Testing procedures and fiber performance evaluation are described in 

chapter four. Chapter five highlights the second part of the project which focuses on optical 

distributed measurement of temperature with polymer optical fiber. The result of thermal 

drawing porous polymer fiber and its application is discussed in chapter six. Summary of the 

current progress is provided in the last chapter.  
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Chapter 2 Distributed Sensing Principle 

2.1 Transmission Line Model 

As discussed in the previous chapter, current polymer fiber-based sensing systems rely on 

measurement of changes in the total resistance or capacitance along the fiber, thus have 

limitations in their distributed sensing capabilities. In this chapter, we describe the fully-

distributed sensing principle of the multi-material fibers designed and fabricated in this work.  

When transmitting high-frequency signals, polymer fiber with a pair of electrodes can be treated 

as a transmission line, and a physical model is shown in Figure 2-1 (a) [58]. An infinitesimal 

segment of the fiber can be modeled as a lumped-element circuit, and the fiber can be viewed as 

a cascade of sections shown in the figure. Each segment is described by the following four per 

unit length quantities:  

𝑅 = 𝑠𝑒𝑟𝑖𝑒𝑠 𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑝𝑒𝑟 𝑢𝑛𝑖𝑡 𝑙𝑒𝑛𝑔𝑡ℎ, 𝑖𝑛 Ω 𝑚⁄  𝐿 = 𝑠𝑒𝑟𝑖𝑒𝑠 𝑖𝑛𝑑𝑢𝑐𝑡𝑎𝑛𝑐𝑒 𝑝𝑒𝑟 𝑢𝑛𝑖𝑡 𝑙𝑒𝑛𝑔𝑡ℎ, 𝑖𝑛 𝐻 𝑚⁄  𝐺 = 𝑠ℎ𝑢𝑛𝑡 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑎𝑛𝑐𝑒 𝑝𝑒𝑟 𝑢𝑛𝑖𝑡 𝑙𝑒𝑛𝑔𝑡ℎ, 𝑖𝑛 𝑆 𝑚⁄  𝐶 = 𝑠ℎ𝑢𝑛𝑡 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑎𝑛𝑐𝑒 𝑝𝑒𝑟 𝑢𝑛𝑖𝑡 𝑙𝑒𝑛𝑔𝑡ℎ, 𝑖𝑛 𝐹 𝑚⁄  

For a two-wire fiber whose electrodes are surrounded by dielectric materials, when the wire 

diameter is d, and the distance between the wires is D, the parameters are given as follows [58]: 𝑅 = 2𝑅𝑠/𝜋𝑑 

                                                                   𝐿 =  𝜇/𝜋 ∙ acos (𝐷/𝑑) 

          𝐺 = 𝜋𝜎/acos (𝐷/𝑑) 

                                                                𝐶 = 𝜋𝜖/acos (𝐷/𝑑)                                               (2-1) 

Where 𝑅𝑠 = √𝜔𝜇/2𝜎𝑐 is the surface resistivity of the electrodes, and 𝜖 is the permittivity of the 

dielectric material. 𝜎  and 𝜎𝑐  are the conductivity of the dielectric material and the electrode 
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material. 𝜇 is the permeability constant, and 𝜔 is the angular frequency of the electromagnetic 

wave.  

The characteristic impedance of the transmission line is the ratio of the amplitude of voltage and 

current of a single-frequency wave propagating along the line. It is determined by the geometry 

and the materials of the transmission line. For the two-wire system, it can be defined as: 

                                   𝑍0 = √𝑅 + 𝑗𝜔𝐿 𝐺 + 𝑗𝜔𝐶⁄ ≈ √𝐿𝐶 = 1𝜋 √𝜇𝜖 ∙ acosh(𝐷/𝑑)                        (2-2) 

Assuming permeability is equal to the constant in the vacuum, an estimation of the impedance of 

a parallel wire transmission line is shown in Figure 2-1 (b). The characteristic impedance of a 

typical parallel-wire transmission line is between 100 and 300 Ω. In most cases, the diameter of 

the electrodes d and permeability μ does not change. If at one point the distance between the 

electrodes D and the permittivity ε is different from a previous section, it would lead to a change 

of the local impedance. The discontinuity of the impedance will cause a partial reflection of an 

electric signal being transmitted, and the reflection coefficient is: 

                                                    𝜌 = 𝑍1−𝑍0𝑍1+𝑍0                                                       (2-3) 

Where Z0 is the original impedance, and Z1 is the new impedance.  

Equation 2.2 and 2.3 suggests that geometric or electrical change of the transmission line can 

induce reflection at the specific location. When the distance between the two wires increases or 

the dielectric material’s permittivity decreases, the local impedance will increase, leading to a 

positive reflection. A negative reflection occurs when the distance decreases or the permittivity 

increases.  
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Where Γ𝑖 denotes the reflection coefficient of the i-th reflector; c denotes the speed of light in 

vacuum, and 𝜖𝑟 is the relative permittivity. The transfer function at a specific frequency is then 

given by: 

                                     𝐻(𝜔) = 𝑉𝑡𝑜𝑡𝑎𝑙 𝑉𝑜⁄ = ∑ Γ𝑖 ∙ exp [𝑗(−2𝑧𝑖√𝜖𝑟𝜔 𝑐⁄ )]𝑁𝑖=1                            (2-7) 

By sweeping the frequency from 𝜔𝑚𝑖𝑛  to 𝜔𝑚𝑎𝑥 , the impulse response of the system can be 

calculated by an inverse Fourier transform. 

           ℎ(𝑡) = 12𝜋 ∫ 𝐻(𝜔) ∙ exp(𝑗𝜔𝑡) 𝑑𝜔𝜔𝑚𝑎𝑥𝜔𝑚𝑖𝑛 = ∑ Γ𝑖 ∙ 𝑠𝑖𝑛𝑐[(𝜔𝑚𝑎𝑥 − 𝜔𝑚𝑖𝑛)(𝑡 − 𝜏𝑖)]𝑁𝑖=1        (2-8) 

Where 𝜏𝑖 = 2𝑧𝑖√𝜖𝑟 𝑐⁄  is the delay of the signal of the i-th reflector. From Equation 2-8, we can 

see that the amplitude of each sinc function is proportional to the reflection coefficient of the 

reflection point and the location of the reflection can be calculated from the delay time. The 

time-domain reflection signal after transformation is very similar to the direct TDR signal shown 

in Figure 2-3. The frequency range, step value, and the window function dictate the spatial 

resolution of the system [63]. For the FDR system used in this work, a Vector Network Analyzer 

(VNA) is used to perform the frequency scan and the subsequent inverse Fourier Transform, and 

post-processing is carried out in Matlab. The sensing performance is heavily dependent on the 

VNA specification and setting. The detailed discussion is in chapter 5. 
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Chapter 3 Multi-material Fiber Fabrication  

3.1 Thermal Drawing Technique 

The thermal drawing process is well known from the telecommunication fused-silica optical 

fiber production. Polymer optical fibers are manufactured by extrusion or thermal drawing [64]. 

Although it is possible to fabricate multi-material polymer fibers using extrusion methods or 3D 

printing [65], we have limited the scope of our work to the thermal drawing technique. The basic 

principle of thermal drawing multi-material fibers has been established and discussed in detail 

[29-31, 41]. The process involves two separate steps. A macroscopic preform resembles the final 

fiber geometry and composition is first made from functional materials including polymers, 

glass, metals, nano-materials or semiconductors. When the preform is heated in a furnace, rigid 

thermoplastics and glasses with a decreased viscosity at a temperature above their glass 

transition temperature are drawn into fibers with a reduced cross-sectional dimension. We will 

discuss the two steps in detail in the next few paragraphs.  

For a silica optical fiber preform, the diameter is in the range of 20-300 mm, and the length is 

around 1 m [66]. Industrial fabrication of ultra-high purity and uniformity silica preforms usually 

start with chemical vapor deposition methods including modified chemical vapor deposition 

(MCVD), plasma chemical vapor deposition (PCVD), outside vapor deposition (OVD), and 

vapor axial deposition (VAD). Gaseous precursors such as SiCl4 are delivered to a substrate, and 

chemical reaction of the vapor generates high-quality SiO2 which is deposited on the substrate. 

After soot deposition and sintering, the layer becomes dense and optically transparent. There are 

additional steps such as tube collapsing, sealing and post-processing at high temperatures 

depending on the methods used. Once the preform is made, due to the brittleness of silica glass, 

direct machining of the preform is possible but usually inconvenient [67, 68]. Microstructure 

silica optical fiber relies on stacking of capillary tubes or solid rods to the desired pattern and 

heat fusing the assembly into a solid preform before drawing [66].  

Thermoplastic polymer preform fabrication is more versatile thanks to their better machinability 

and lower process temperature. Some of the methods are: 1. drilling and milling of plastic bars 
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and rods for patterned surface and hollow channels; 2. hot press of different materials in vacuum 

oven slightly above their glass transition temperature for consolidation; 3. thin-film rolling 

around a mandrel followed by consolidation to generate a circular layer; 4. additive 

manufacturing of preform from filaments [69,70]. The preform preparation sometimes involves 

incorporation of functional materials including electrodes, liquid polymer solution, liquid metal, 

and photodiodes into the preform as well [24, 41, 71].   

Once the preform is made, it is heated in a vertical furnace for drawing. For thermal drawing 

polymer preforms in our lab, the top end of the preform is usually fixed while the bottom is 

attached to a weight during the initial heating. When the middle section of the preform inside the 

furnace is softened after being heated beyond the material’s glass transition temperature, the 

decreased viscosity permits deformation of the preform and initializes the drawing. The middle 

section becomes thinner as the bottom part exits the furnace to be collected by a capstan. The top 

end of the preform is then set to move down at a much slower speed to feed the preform to the 

furnace to continue the drawing. By adjusting the feed rate, the capstan rate, and the furnace 

temperature, the final fiber diameter can be controlled. The ratio between the size of the preform 

and the fiber is called draw-down-ratio (DDR), and the following general relations are valid: 

                                                            𝐹𝑒𝑒𝑑 𝑟𝑎𝑡𝑒 = 𝐶𝑎𝑝𝑠𝑡𝑎𝑛 𝑟𝑎𝑡𝑒/𝐷𝐷𝑅2  

                                              𝐹𝑖𝑏𝑒𝑟 𝑙𝑒𝑛𝑔𝑡ℎ = 𝑃𝑟𝑒𝑓𝑜𝑟𝑚 𝑑𝑟𝑎𝑤 𝑙𝑒𝑛𝑔𝑡ℎ × 𝐷𝐷𝑅2                   (3-1) 

Usually, the preform diameter is around 20 mm, and the fiber diameter is less than 1 mm. 

Assuming DDR is 50, a preform with 10 cm usable length can readily be drawn into 250 m of 

fiber, which provides a much higher yield than single device fabrication [72, 73]. 

Photo of one of the fiber draw towers in CPT is shown in Figure 3-1 (a). The furnace, the 

feeding stage, and the capstan are shown in the figure. The tube furnace from Mellen has three 

temperature zones. The middle zone temperature is the highest of the three and is set to be higher 

than the polymer’s glass transition temperature. A laser micrometer (Laserlinc) and a tension 

gauge are used to measure the fiber diameter and the draw tension. The preform feed rate and the 

capstan rate are controlled manually by motor controllers. A Labview program (offered by the 
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to the devices along the fiber [37, 38, 40-45]. In these cases, the electrical signal is well below 

the microwave frequency range thus electrode materials can be a low-temperature metal alloy 

such as BiSn or conductive polymer like carbon black-doped Polycarbonate (CPC). The 

conductive materials surrounded by amorphous materials in the preform would become either 

viscous or molten and turn into thin electrodes inside the fibers during drawing. The challenge of 

this method is that the metal/alloy has to have a slightly lower melting temperature than the 

drawing temperature. If the temperature difference between the two is too large and the drawing 

tension is too small, the surface tension of the metal/alloy will force the molten liquid into 

droplets.  

For the distributed sensing fiber we have fabricated, low impedance of the electrode would 

ensure longer detection range, thus copper electrodes are used instead, which requires the 

convergence drawing method reported by Rein et al. [24]. For convergence drawing shown in 

Figure 3-2, metal wires are passed through the channels inside the preform. As the softened 

preform being drawn into fiber, the channel size decreases and converges on the metal wires. 

The distance between the electrodes pair is determined by the location of the channels in the 

preform. This method provides a way to embed high-melting-temperature metal electrodes in the 

fiber, providing high conductive electrical connection. It also poses little temperature constraint 

of the material used as electrodes. Copper wires are used in all the experiments included in this 

work.    
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Polymer 
Glass transition 

temperature [74] 

Draw 

temperature 
Comments 

Poly (methyl methacrylate) 82~105 ºC 235~250 ºC  

Polycarbonate 134~158 ºC 270~290 ºC  

Polyetherimide  209~249 ºC 320~360 ºC  

Cyclic olefin copolymer 62~177 ºC 270~290 ºC  

Poly (vinylidene fluoride) -29~-57 ºC 270~290 ºC Difficult to draw alone 

Polyethylene, low density -103~ -133 ºC 160~180 ºC Difficult to draw alone 

Polyethylene, high density -118~-133 ºC 220~250 ºC Can’t be to draw alone 

Table 3-1Thermoplastic polymer materials used in this work 

Temperature changes both the distance between the two electrodes inside the polymer and 

permittivity of the materials. Larger volume change will induce more substantial impedance 

change which leads to a stronger reflection signal. Therefore, to increase polymer fibers’ 

sensitivity, the coefficient of thermal expansion of common thermoplastics is examined, and we 

have found that low-density polyethylene (LDPE) has a large thermal expansion coefficient 

between 1~5.1 × 10−4𝐾−1 [74]. The data for the permittivity change with temperature is less 

studied, but we have found publications reporting that LDPE has a negative relationship between 

temperature and permittivity [59, 75]. This property would further increase fiber local impedance 

of a LDPE fiber when the fiber is heated. Poly (methyl methacrylate) (PMMA) thin films have 

shown to have relative large response to temperature, and that can be further enhanced by dopant 

[76, 77]. Poly (viny1idene fluoride) (PVDF) is a piezoelectric polymer widely used as a sensing 

material which also has temperature dependence of its permittivity [78]. Therefore, the three 

materials were chosen to make preforms for the temperature sensing polymer fiber.  

Shape deformation is the key for pressure sensing thus two approaches have been proposed: a 

hollow structure that deforms under pressure or using polymer material with low Young’s 

modulus in a solid structure. Table 3-2 lists Young’s modulus of common thermoplastics, and it 

shows that LDPE has the lowest value. Therefore it was chosen to be used in the hollow fiber 
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structure. For a solid fiber structure design, on the one hand, common thermoplastics such as 

PMMA, Polystyrene (PS), and Polycarbonate (PC) all have Young’s modulus larger than 1 GPa, 

making it very challenging to detect pressure smaller than 1 MPa. On the other hand, though 

offering good elasticity and having lower tensile modulus under 100 MPa, elastomers usually are 

thermosetting polymers that do not soften by heating after initial curing. This prevents us from 

using them in the thermal drawing process. Thermoplastic elastomers (TPEs) are made from 

various copolymers combining thermoplastics and elastomers. They can be stretched or pressed 

and return to its original shape like elastomers, and they can be softened and processed 

repeatedly like thermoplastics. The most common manufacturing methods for TPEs are extrusion 

and injection molding but we have successfully used them to fabricate pressure sensing fiber 

through the thermal drawing process. The TPEs used in this work are Versaflex CL2242 and 

CL2250 from Polyone. They are SEBS (styrene and ethylene/butylene) TPEs and have a 100% 

tensile stress of 1.05 MPa and 1.52 MPa. The exact pressure-compression relationship is not 

provided by the vendor. The TPEs were provided in the form of 1 mm thickness sheets and were 

subsequently pressed into desired shapes in vacuum at 180 ºC. We have also tried TPEs used by 

Qu et al. in reference [41]. The first two are G1657 and G1652 from Kraton Performance 

Polymers, which also belong to the SEBS copolymer. The third one is Wacker’s SLM TPSE 345, 

which is a siloxane-based copolymer. These three TPEs come in the form of pellets and are 

pressed into plates before use. 

Polymer Young’s modulus/(GPa) 

Polyethylene, low density 0.14-0.3 

Polyethylene, high density 0.7-1.4 

Polypropylene 1.1-2 

Poly(methyl methacrylate) 2.5-3.3 

Polycarbonate 2.1-2.4 

Polystyrene 2.4-3.2 

Acrylonitrile-butadiene-styrene Medium IS 2-2.8 

Acrylonitrile-butadiene-styrene High IS 1.6-2.5 
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Table 3-2 Young’s modulus of common thermoplastics [79, pp 443] 

3.3 Fabrication of Temperature Sensing Fiber 

One inch diameter PMMA rods (US plastics) were used for making the PMMA fiber preforms. 

Polymer materials such as PMMA and PC are always degassed in a heated vacuum oven for at 

least two weeks before use to remove water residual. The copper wire had a diameter of 0.005 

inch (McMaster Carr), and the two hollow channels were drilled with a 0.125-inch drill bit. To 

match the diameter of the electrodes and the hollow channel, the draw-down-ratio was set to be 

25 (0.125/0.005), and the final fiber diameter would be 1 mm. The two copper wires were fed 

through the drilled hollow channel from the side, and the wire spools were fixed on the preform 

holder. The wire feeding was passive, meaning that drawn fiber drags the wires with it during the 

drawing. The preform was drawn at temperature 140/240/100 ºC (top/middle/bottom 

temperatures for the three-zone furnace). Figure 3-3 shows the close view of how the preform 

and wire spools were mounted on the preform holder and the preform after the drawing. As 

shown in the figure, the copper wires are passed through two aluminum guiding tubes attached to 

the brown preform holder before entering the hollow channels drilled inside the preform. The 

hollow channels and the copper wires are also visible in the photo showing the preform after 

drawing. Figure 3-4 (a) and (b) show photo of the fiber spool and the cross section of the fiber 

under optical microscope.  

Direct drawing PVDF was proved to be difficult after preform broke during the initial heating 

period. The modified PVDF preform has a PC cladding because PVDF is a semi-crystalline 

polymer whose viscosity drops fast after reaching the melting temperature. A cladding layer 

maintains the shape of the preform when it is heated and prevents the fiber from breaking. Two 

hollow channels were drilled near the surface of a 0.75 inch PVDF rod, and the rod was then 

inserted into a 0.75 by 1 inch PC tube. The preform was consolidated in a vacuum oven at 180 ºC 

and then thermally drawn at 150/270/110 ºC. The PC cladding and the center PVDF can be 

identified from the fiber cross-section image shown in Figure 3-4 (c).  

The LDPE preforms were made from LDPE square bars (McMaster Carr). Two 0.125 inch 

diameter hollow channels were drilled in a 1.25 by 1 inch LDPE bar for the copper wire to pass 
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A four-side cladding, different from the previous two-side cladding, was added to the fiber 

design to ensure stable drawing without splitting. The cladding would act as a shell to help TPE 

maintain its geometry during the thermal drawing and would increase the overall strength. Both 

PC and PMMA and excellent thermoplastic polymers for thermal drawing and they are selected 

to be used as the cladding material. There are three possible ways to add a cladding to the 

original square core. First method is inserting the core preform directly into a square tube with a 

matching size. The advantage of the method is that the cladding’s shape is well-defined and the 

disadvantage is that the core preform and the tube cladding may not fit perfectly. The second 

method is to use four plates around the core preform and consolidate in a heated vacuum oven so 

that each plate adheres to the other plates as well as the core. This method ensures a better size 

match as the size of the plate can be more readily adjusted to the core preform. The preforms 

made with the two methods are shown in Figure 3-9 (a). We were able to draw the preform 

made with the first method, but the possibility of generating a gap between the tube and the core 

preform let us eventually abandoned the approach. The preform made with the second method 

failed to hold the structure during the drawing as the consolidation of the four plates around the 

core preform was not strong enough. Therefore we move on to the last method which is tightly 

wrapping thin polymer film around the core followed by pressing the layered polymer into a 

solid cladding in a vacuum oven. When the film is relatively thin, such as the 75 μm PC film and 

the 125 μm PMMA film used in this work, though the wrapping creates a rounded shape, the 

assembly can be pressed back to a square shape with the help of a C-shape metal mold. Both 

films were used to make the cladding, and the preforms were successfully drawn into fibers.  
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Chapter 4 Measurement and Result 

4.1 Interrogation System Setup 

As discussed in Chapter 2, two distributed sensing systems can be used to interrogate the 

electrode-embedded fibers: Time Domain Reflectometry (TDR) and Frequency Domain 

Reflectometry (FDR). Both methods have been explored in this project.  

For the TDR method, a pulse generator (AFG3252, Tektronix) and a high-speed oscilloscope 

(Wavepro7Zi, LeCroy) were used to excite a pulse signal to the sensing fiber and to receive the 

reflection from the polymer fiber under test. The spatial resolution is determined by the pulse 

width and the speed of the oscilloscope. Compared to the 20 GHz-bandwidth oscilloscope, the 

240 MHz signal generator limits the spatial resolution of the system. The minimum excitation 

pulse width was 5 ns, and the pulse would cover 1.2 m distance (if the velocity factor of the fiber 

is 0.8). The system setup and a typical waveform received at the oscilloscope end are shown in 

Figure 4-1. The fiber used here is the LDPE hollow fiber shown in Figure 3-6 (c), and the fiber 

length is 5 meters. Three peaks representing the excitation pulse directly going into the 

oscilloscope, the reflection between the BNC coaxial cable and the fiber, and the end reflection 

of the fiber can be observed. The region between the two dashed green lines represents the fiber 

under test.   

Qualitative tests with the hollow PE fibers were conducted using the same fiber placed on a flat 

surface with end reflection terminated and a weight of 360 gram was placed on a segment of 2.5 

cm of the fiber. The weight was moved 5 cm for each subsequent measurement, and the 

reflection signals were recorded. The system schematic and the photo of the fiber under test are 

shown in Figure 4-2 (a) and (b). The particular section of the reflection signal is also shown in 

Figure 4-2 (c) and a clear trend of time delay increase can be observed. The shift of the dip was 

calculated by correlation. There is a good linear relationship between the location of the weight 

and the time delay despite the current pulse width to be 5 ns. However, to increase the spatial 

resolution, FDR method was adopted for all the following experiments.  
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                                              𝑅𝑎𝑛𝑔𝑒 = ( 1Δ𝑓) × 𝑉𝐹 × 𝑐 =  𝑁−1Δ𝐹 × 𝑉𝐹 × 𝑐 

                                                𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 ≈ 1/Δ𝐹                                            (4-1) 

Where Δ𝑓 is the frequency step, 𝑉𝐹 is the velocity factor, 𝑐 is the speed of light, 𝑁 is the number 

of steps and Δ𝐹 is the difference between the minimum and maximum frequency.  To maximize 

both the range and the spatial resolution, the number of the frequency steps was selected to be 

the highest available value 1601 and the frequency scanning range was set to be 4.8 GHz. The 

maximum detection range was calculated to be 80 m assuming the velocity factor to be 0.8, and 

due to the nature of reflection measurement, the actual range was 40 m. The calculated response 

resolution was 208 ps, which is equivalent 50 mm (VF = 0.8). For reflection measurements, 

because of the two-way travel time, the minimum resolvable separation is half of this value or 25 

mm. 

4.2 RF Transformer for Low-reflection Connection 

Large front reflections can be seen in Figure 4-1 (b) and Figure 4-3 (d), representing the 

impedance mismatch between the 50 Ω standard coaxial cable and the electrode-embedded fiber 

used in the measurement. As shown in Figure 2-1 (b), the parallel wire transmission line has an 

impedance greater than 100 Ω. The singular point reflects large portion of the excitation signal 

thus a solution to minimize the impedance mismatch is required. For majority of the fiber design 

used in this work, the impedance of the fiber is between 150 and 250 Ω, therefore a 1:4 RF 

transformer was used for impedance matching. The RF transformer follows the general principle: 

when signal current passes through the primary winding of the transformer, the current generates 

a magnetic field which couples to the secondary winding. When a load, such as a fiber in our 

case is connected to the secondary winding, an AC current will flow to the load. Based on the 

Faraday’s law, the transformer follows the equations: 

𝑛 = 𝑁2𝑁1 , 𝑉2 = 𝑛𝑉2 

                                                       𝐼2 = 𝐼1𝑛 , 𝑍2 = 𝑛2𝑍1                                                    (4-2) 
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The output voltage V2 equals turn’s ratio n times the input voltage V1 while the output current I2 

equals the input current I1 divided by turn’s ratio n. The overall effect is that the output 

impedance Z2 is input impedance Z1 times the square of the turn’s ratio. The turn’s ratio of 1:2 

would ensure the impedance at the secondary winding is 200 Ω, which is close to the fibers we 

are using. Since the VNA frequency scanning covers frequency from 3 MHz to 4803 MHz, a 

wideband RF transformer is needed. An RF transformer TCM4-452Z+ from Mini Circuit was 

selected, which has the required impedance ratio and a wide frequency range of 20-4500 MHz. 

The electrical schematic is shown in Figure 4-4 (a) and the complete circuit is shown in Figure 

4-4 (b). As indicated by the schematic, the 50 Ω input is connected to the primary port 2 and 3 

while the 200 Ω output is connected to the secondary port 4 and 6. The suggested PCB mounting 

design given in the datasheet has an output impedance of 50 Ω and is not suitable for our need, 

thus the width of the copper trace width is calculated. The copper trace and the back copper 

ground surface constitute a microstrip, and a simple online tool is used for trace width 

calculation [80]. For 1 Oz copper, 1/16” FR-4 PCB board used in this case, the trace width is 

calculated to be 117 mils for the 50 Ω primary port and 26 mils (1 mil is a thousandth of an inch) 

for the two 100 Ω secondary ports. To quickly fabricate the PCB, the board was first sprayed 

with black paint, and the layout was drawn on the surface by a laser engraver (Boss Laser). The 

paint on the illuminated area was removed by the 1064 nm laser, and the exposed copper beneath 

the paint was subsequently etched away in a FeCl3 solution. An SMA connector, a required 0.25 

pF capacitor, the RF transformer, and the fiber were soldered on the final PCB board. The 

reflection signal of a PC/PVDF/TPE fiber is shown in Figure 4-5. Compared to the result shown 

in Figure 4-3 (c), the front reflection is reduced from 0.4 to 0.15. The end reflection of the fiber 

was also minimized by connecting the fiber to a variable resistor. 
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Where Δρ is the reflectivity change and p is the pressure in kPa. The non-linear relation is 

expected, as the TPE would not have a linear pressure-compression curve. The pressure 

sensitivity can be calculated from Equation 4-3 and it decreases as pressure increases (Figure 4-

13 (c)). At 60 kPa, the response is minimum (2.5×10
-5

 per kPa). If assuming a reflection 

coefficient of 10
-4

 can be differentiated, we can make a very conservative estimate that the 

pressure resolution is at least 4 kPa. Increasing the averaging time and the interrogation system 

can further increase the resolution. 

We have also demonstrated the potential of incorporating the fiber into a grid structure. A 

continuous pressure-sensing fiber and segments of non-functional fibers were braided into a 15 

cm by 20 cm grid, and the spacing between the pressure-sensing fibers is 2.5 cm, as shown in 

Figure 4-13 (a). The VNA was connected to the sensing fiber from the lower end. Two 20 g 

blocks were placed on the grid and reflection signals corresponding to different scenarios were 

recorded by the VNA. In Figure 4-13 (b), we show that one weight first created a peak pair at 

the 80 cm position. When the second weight was placed downstream at 105 cm, a new peak pair 

appeared while the initial feature remained the same. Lastly, when the pressure at the first 

location was increased by adding more weight (not shown in Figure 4-13 (a)), the amplitude of 

the reflection increased at the corresponding peak pair. Unfortunately, for the current grid, since 

the grid surface is no longer flat from the weaving, the pressure applied by the weight would not 

be uniform on the fiber. A denser weaving with more non-functional fibers is expected to 

distribute pressure more evenly to the sensing fiber. 

Finally, we evaluated the effect of transmission loss of the fiber. A constant load of 20 gram was 

applied to a longer fiber at different locations with one-meter separation, and the reflection 

spectra were shown in Figure 4-14. The peak height was reduced while the width was increased, 

due to the frequency dependent loss of the transmission line. The post-processing calibration is 

discussed in the next section. 

We want to point out that since both temperature and pressure sensing fibers are based on a 

parallel wire transmission line structure, bringing a conductor to the close proximity of the fibers 

will generate a false reflection. This is because the conductor will interact with the 
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4.5.1 Fiber Transmission Loss 

As shown in Figure 4-14, the peak height of a PC/PVDF/TPE fiber’s pressure response drops as 

the distance increases. This is due to the intrinsic transmission line loss described below [58]. 

Besides the impedance given in Equation 2-2, the propagation constant is another important 

parameter of a transmitssion line, given in Equation 4-4 here.  

                                                          𝑌 = √(𝑅 + 𝑗𝜔𝐿)(𝐺 + 𝑗𝜔𝐶)                                           (4-4) 
The attenuation is the real part of the propagation constant: 

                   𝛼 = 𝑟𝑒𝑎𝑙(𝑌) ≈ 𝑅2 ∙ √𝐶𝐿 + 𝐺2 ∙ √𝐿𝐶 ≈ 𝑅2𝑍0 ≈ √𝑓𝜋𝜖𝜎𝑐 ∙ 1/[𝑑 ∙ acosh (𝐷𝑑)]                       (4-5) 

Where f is the frequency, ε is the permittivity of the dielectric material, σc is the conductivity of 

the metal material, and D and d are the distance between the electrodes and the diameter of the 

electrode. The formula indicates that frequency, electrode diameter, and distance between the 

electrodes all affect the attenuation. For a 1 GHz sine wave, 125 μm diameter wires with a 

distance of 600 um, relative permittivity of 2, copper’s conductivity being 5.96×10
7
 S/m, the 

attenuation is 0.11 Np/m thus the signal will experience a 19 dB loss over 20 meters of fiber. If 

the attenuation is frequency-independent, it is easy to compensate the transmission loss from the 

time-domain reflection signal acquired from the VNA. The frequency dependent transmission 

loss not only reduces the amplitude of the reflection but also broadens the signal. A post-

processing scheme is proposed and is demonstrated in Matlab. 

Consider three reflection points of impedance mismatch located on a lossless transmission line at 

0.7 m, 3 m, and 7 m. The amplitude of the reflection is 0.01 in all three cases. The EM wave 

speed is simplified to the speed of light in vacuum (assuming the velocity factor is one for 

simplicity). When a VNA performs a frequency scan, at each frequency step, from Equation 2-5 

and 2-6, we know the return signal is the superposition of the Fourier transform of the three 

reflections, shown in Figure 4-15 (a) and (b). Here we use the same frequency scanning 

parameters: 3MHz to 4803 MHz with 1601 scanning point. It can be observed that the amplitude 

of the frequency response from each reflection points is the same, and the difference is that the 

oscillation is faster for points further downstream.  The reconstructed time-domain (or space-
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In the real situation, the attenuation coefficient is proportional to the square root of frequency. 

Therefore the amplitude of the frequency response of each reflection point decreases with 

frequency, and the decrease rate is position-dependent, as shown in Figure 4-17 (a). The 

supposition of the three yields a more distorted total frequency response shown in Figure 4-17 

(b) and the resolved time-domain reflection is given in Figure 4-17 (d). It can be seen that the 

peaks from the orange curve are lower and wider, which is in accordance with the experiment 

result shown in Figure 4-14. This is because the multiplication in the frequency domain of the 

original frequency response and the attention factor 𝐴𝐹𝑖′ = exp(−2𝑧𝑖 ∙ 𝛼𝑓) = exp(−2𝑧𝑖 ∙𝐵√2𝜋𝜔) becomes convolution of the two in the time domain. The overall time-domain signal is 

the summation of each convolution, so it is difficult to separate each sum term and run 

deconvolution.  In order to resolve the true signal, the distorted time-domain result is treated as 

an estimation of the genuine signal, and each point is transformed back to the frequency domain 

separately where the position-dependent correction term  𝐴𝐹𝑖′−1 = exp(2𝑧𝑖 ∙ 𝛼𝑓) = exp (2𝑧𝑖 ∙𝐵√2𝜋𝜔)  is applied. After summation of corrected Fourier transform from each point, the 

calibrated frequency response is acquired (Figure 4-17 (c)) and a second inverse transformation 

gives the calibrated time-domain signal, shown in Figure 4-17 (d).  Equation 4-9 to 4-12 

describes the calibration process. By comparing the two blue traces in Figure 4-15 (c) and 

Figure 4-16 (d), we can conclude that the method is effective. However, due to the exponential 

multiplication used for generating the calibrated frequency response, the high-frequency 

component shown in Figure 4-17 (c) becomes very large. This would inevitably introduce noise 

in the temperature-domain signal. In the real case, the effectiveness of this method is also 

affected by the signal to noise ratio of the system.                                

                                       𝐻(𝜔) = ∑ 𝐴𝐹𝑖′ ∙ Γ𝑖 ∙ exp [𝑗 (−2𝑧𝑖𝜔 𝑐⁄ )]𝑁𝑖=1                           (4-9) 

                               ℎ(𝑡) = ∑ {ℱ−1(𝐴𝐹𝑖′) ∗ Γ𝑖 ∙ 𝑠𝑖𝑛𝑐[(𝜔𝑚𝑎𝑥 − 𝜔𝑚𝑖𝑛)(𝑡 − 𝜏𝑖)]𝑁𝑖=1 }    (4-10) 

                                                 𝐻′(𝜔) = ∑ [ 𝐴𝐹𝑖′−1 ∙ ℱ(ℎ𝑖(𝑡)]𝑁𝑖=1                               (4-11) 

                                                        ℎ′(𝑡) = ℱ−1[𝐻′(𝜔)]                                           (4-12) 
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with and without the pressure, we apply the calibration method to the two signals and take the 

difference again. The new pressure response is shown in Figure 4-18. After the post-processing 

correction, the negative peak heights of each peak are more uniform, except for the last peak, 

which proves that the method is effective.   

 

Figure 4-18 Corrected pressure response at different point 

4.5.2 Long-term Stability 

For temperature sensing fibers, the impedance change comes from thermal expansion or 

permittivity change of the polymer materials. Both changes are reversible and the fiber 

temperature response should be repeatable even after thousands of thermal cycles. The upper 

limit of the temperature range should be kept below the melting temperature of LDPE and PVDF 

so minimum softening will occur.  

For pressure sensing fibers, the impedance change is related to the distance between the 

electrodes. When the TPE layer is under compression stress, permanent deformation (creep) can 

lead to signal drift. Creep can be measured by applying a constant stress and record the 

deformation overtime. For TPEs, compression set value is used to quantify the extent of 

compression deformation. Following the ASTM test method (ASTM D395), a TPE is 
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compressed to 25% deformation for a period of time and then given 30 min to recover. The final 

thickness is measured and the compression set value is determined by the following formula: 

                                                        𝐶𝐵 = [(𝑡0 − 𝑡𝑖)/(𝑡0 − 𝑡𝑛)] × 100                                  (4-13) 

Where t0 is the original thickness, ti is the final thickness, and tn is the thickness under 

compression. The compression set for CL2242 and CL2250 at 23 ºC after 22 h is 23 % and 20%. 

The 20% value means that when CL2250 is compressed to 75% of the original thickness and 

kept in room temperature for 22 h, the TPE will return to 95% of the original thickness. The 5% 

unrecovered thickness would be the source of signal drift. However, in the real case, the error 

would be much smaller. If we use the tensile stress value 1.52 MPa as approximation of the 

Young’s modulus, 60 kPa compression pressure will only generate a 4% deformation (the actual 

deformation is even smaller because the compression v.s. deformation is not linear). The limited 

deformation should only lead to a small creep over time at low temperature. Characterization of 

actual creep curve of the TPEs is not included in this work.      

4.5.3 New TPE Materials 

During the course of this project, we have come across the work published by Qu et al. [41] on 

thermal drawing stretchable fibers with TPE materials. The three materials used are G1657 and 

G1652 from Kraton Performance Polymers and Wacker Geniomer 140. They have reported 

direct drawing of the three TPEs without any supporting thermoplastic polymer, such as PC or 

PMMA used in this work. We have tried to take advantage of the new materials and ordered 

G1657 and G1652 from Kraton’s distributor. The Wacker Geniomer 140 was discontinued thus 

the vendor provided us a similar product Wacker SLM TPSE 345. Kraton G1657 and Wacker 

SLM TPSE 345 come in the form of small pellets while G1652 are in white powder form. In 

order to press the pellets and powers into a solid piece, a Teflon mold was made. The TPEs were 

placed in the mold and hot pressed under vacuum. Figure 4-18 shows the mold, the G1657 

pellets and a small Wacker polymer cut from a molded piece. All three polymers have been 

molded into 1 inch by 6 inch plates with a thickness ranging from 0.5 to 1 inch. The solid TPE 

preforms were subsequently drawn at the temperature reported in the reference. However, we 
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were not able to draw the fiber stably. The most probable reason is the low press pressure limited 

by our current set up. We have used Aluminum block on top of the pellets inside the Teflon mold 

to provide the compression force but the maximum pressure applied is around 1.5 kPa. The 

pressure values used in the reference work are 10 kPa for the two Kraton polymers and 100 kPa 

for the Wacker Polymer. Although we have increased the vacuum oven temperature during the 

molding and the pellets can indeed be pressed into a solid piece, we suspect that the mechanical 

strength of the TPE plate is much weaker. A commercial hot press can very likely mitigate this 

issue. By adding a thermoplastic PMMA cladding layer, we have been able to draw a 

PMMA/G1657 preform similar to the design reported in previous sections. 

 

Figure 4-19 Mold for TPE pellets (top), molded TPE (left) and TPE pellets (right) 
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Chapter 5 Polymer Optical Fiber Raman Temperature 

Sensing 

Another part of the project is to explore new optical sensing method with polymer optical fibers. 

The polymer fibers discussed in chapter 2-4 has no optical wave guiding capability, and the 

pressure and temperature detection are realized by electrical reflectometry. The result reported in 

this chapter is focused on Raman scattering based optical distributed temperature measurement 

system with polymer optical fibers. Raman scattering based system has been used in silica 

optical fibers and sapphire fibers [81, 82], but hasn’t been reported with polymer optical fibers. 

Due to the large transmission loss from the fibers drawn in the lab, we have used commercial 

PMMA multimode fibers to demonstrate the feasibility.  

5.1 Brief Discussion about Polymer Optical Fiber 

There have been abundant books and research articles on polymer optical fibers [83-85]. Here 

we give a brief overview of polymer optical fibers. A simple waveguide such as a glass optical 

fiber or polymer optical fiber usually has two concentric layers called the core and the cladding. 

The refractive index of the core region is slightly higher than the cladding to promote total 

internal reflection, and the majority of the light is confined in the core region. By the number of 

guided modes in the core, optical fibers can be divided into single mode fibers and multimode 

fibers. Majority of the single mode fiber has a constant refractive index, but multimode fiber can 

have a constant index core or a graded index core. The latter was developed to reduce modal 

dispersion and increase data transmission bandwidth. The glass optical fiber picked up pace after 

the 1960s and has been the backbone of high-speed telecommunication system [86]. Currently, 

the best single mode fiber has an optical loss of less than 0.15 dB/km at 1550 nm. It has also 

been widely used to develop fiber optical sensor for various applications. The idea of using 

transparent polymer materials as an optical transmission media has long existed, but the most 

significant hurdle is the large optical loss intrinsic to the polymer materials. Polishuk [87] has 

reviewed the history and improvement of polymer optical fibers, and the result is presented here 

to provide the general information to the reader. The initial loss of PMMA based polymer fibers 



54 

 

is 1000 dB/km before Mitsubishi Rayon was able to reduce the loss to the theoretical material 

limit of 150 dB/km. While researchers continue to improve the bandwidth of the PMMA based 

polymer fiber, Prof. Koike and his colleagues have developed perfluorinated polymer fibers with 

a low transmission loss of 50 dB/km.  Today, PMMA and perfluorinated polymers are still the 

major materials used in polymer optical fibers. Despite the attenuation, polymer optical fiber is 

widely used in commercial products due to its flexibility, light weight, and ease of use and 

handling. Three important application areas are industrial control, automotive and high-speed 

data transmission for Fiber-To-The-Home (FTTH) or Local Area Networks (LAN). Extrusion 

and thermal drawing are two common fabrication techniques, and microstructured polymer 

optical fiber was first developed in 2001 [88].  

Other than the aforementioned usage in communication and illumination, a vast number of 

polymer optical fiber-based sensors have been reported [16-18, 89]. Among them, 

backscattering-based sensors have utilized Rayleigh scattering [17, 18, 90-92] and Brillouin 

scattering [16, 93] for distributed temperature, pressure and strain measurement. So far we have 

not seen Raman scattering based temperature sensing system with polymer optical fibers. 

Therefore, we wanted to explore the possibility and have demonstrated temperature measurement 

in the lab. 

5.2 Raman Scattering Based Temperature Sensing  

When light is transmitted in the fiber, except for being transmitted or the absorbed, inelastic 

scattering including Brillouin scattering and Raman scattering occurs along with the elastic 

Rayleigh scattering. Raman scattering is associated with the molecular vibration of the 

molecules. The longer wavelength component is the Stokes signal, and the shorter wavelength 

component is the Anti-Stokes signal. Their relative intensity is temperature dependent, and by 

measuring that, the local temperature can be resolved. Figure 5-1 shows the principle of the 

distributed temperature measurement by relative intensity change of the Raman scattering 

signals. The intensity of Anti-Stokes signal is usually lower, but it increases faster than the 

Stokes signal. The temperature dependence for the ratio of the two is given in Equation 5-1 [94].  
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diameter was 1 mm, and the numerical aperture is 0.5. The optical measurement was carried out 

with 5 m of the PMMA fiber, and the schematic of the Raman system is shown in Figure 5-2 

(a). Since the transmission window of PMMA is in the visible range, a 532 nm 700 ps laser was 

used, and the laser repetition rate was 2000 Hz. The laser was focused to the PMMA fiber, and 

the backscattered light passed through a notch filter centered at 532 nm to filter out the Rayleigh 

scattering signal. The return signal was first directly refocused to a CCD-based spectrometer 

(USB4000, Ocean optics) to observe the spectrum information. The CCD integration time was 3 

s and the average number was 50. From the Figure 5-2 (b), we can see the peak at 532 nm which 

is the residual Rayleigh scattering signal, and the Stokes and Anti-Stokes signals that are on each 

side. The Raman spectrum of PMMA has been reported, and the Stokes profile matches well 

with the reported results [95, 96]. The assignment of each peak is also given in the references. 

The strongest Stokes peak is at 2957 cm
-1

(not shown in the figure), yet the corresponding 

Antistokes signal is too weak. Only the Anti-Stokes signal below 1000 cm
-1 

can be observed on 

the spectrometer. From the Stokes signal, we know that the region consists of five different 

peaks.  

The return signal was then divided and passed two separate filters for Stokes and Anti-Stokes 

signal. The Stokes filter is a 25 nm FWHM bandpass filter centered at 550 nm, and the Anti-

Stokes filter is a 25 mm FWHM bandpass filter center at 512 nm. A Si-based avalanche 

photodetectors (APD210 from Thorlabs) was used to pick up the pulses. The ratio of the Anti-

Stokes signal and the Stokes signal are shown in Figure 5-3 (a). Although the excitation pulse 

width is only 700 ps, the scattering occurred at every point along the 5 meters of fiber thus the 

return pulse lasted more than 40 ns. A 30 cm segment of the fiber was placed inside a box 

furnace, and the temperature was increased from room temperature to 86 ºC gradually. The ratio 

of the Anti-Stokes and Stokes signal has shown an increase in the middle, corresponding to the 

heated section. The temperature calibration curve is shown in Figure 5-3 (b). Although the ratio 

follows an inverse exponential relationship given in Equation 5-1, in the small temperature range 

measured here it is almost linear. However, the Anti-Stokes signal from the PMMA fiber is very 

weak, and the accuracy of the data is expected to be inferior to traditional silica optical fiber. 
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Chapter 6 Porous Polymer Fiber 

In this chapter, we reported the work on the fabrication of porous polymer fiber through 

controlling water concentration in PC and PMMA. The result has been published on Optical 

Materials Express, and I am the first author of the manuscript [97]. The figures in the publication 

are reproduced from the manuscript under fair use.  

6.1 Review of Porous Fiber and Material Selection 

Inspired by the previous random-hole silica optical fiber research conducted in the Center for 

Photonics Technology, Virginia Tech [98-101], we have investigated the possibility of 

fabricating porous polymer optical fibers. Two porosity generation mechanisms were used in the 

fabrication of the porous silica optical fibers. The first one is mixing a small percentage of gas-

producing material such as silicon nitride and silica carbide with silica power in a silica tube 

[98]. The gas-producing materials oxidize during the high-temperature drawing and release gas 

to form bubbles in the glass preform. The bubbles are then drawn into long tubes, and the pore 

size in the drawn fiber ranging from 2.5 μm to tens of nanometers was reported [98]. The second 

method involves phase-separation of the cladding materials followed by leaching out the 

secondary phase, leaving a porous silica-rich structure [101]. The pore size is smaller (2 to 50 

nm) compared to the ones made with gas producing agents [101]. The porosity in the fiber 

enables fast gas diffusion thus making the fiber ideal for gas sensing [100, 102]. 

Polymer materials have been used to make porous structures and porous fibers in particular. 

Porous fibers have been used for separation of gas, water and chemicals as well as tissue 

engineering [103-106]. Most of the porous polymer fibers are fabricated by spinning or extrusion 

and the intermediate fiber undergo phase separation for pore generation. Recently, Grena et al. 

have reported phase separation of a polymer solution during fiber thermal drawing and have 

presented fibers with pore sizes between 500 nm to 10 μm [71]. Aside from presenting porous 

fibers with different geometry and materials, they have demonstrated using the porous fiber to 

measure ionic conductivity of liquid filling the porous domain [71].  
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The pore generation principle reported here is similar to the one for random-hole silica optical 

fiber developed by Kominsky et al. [98] but the gas forming agent is the water in the polymer 

material. Some polymers commonly used for polymer fiber thermal drawing absorb water and 

require degassing in a vacuum oven to prevent pores formation when the preform made from the 

polymer is heated in the drawing tower. This is generally undesirable as the pores reduce the 

uniformity of the fiber and degrade optical and mechanical performance. We have taken the 

benefit of this process and shown that controlled and localized pore generation in fiber through 

water evaporation is possible.  

For polymer materials used in this work, PC and PMMA have shown to retain water. 1 inch solid 

rods of PC and PMMA purchased from McMaster Carr and US plastics were first heated in a 

vacuum oven at 80 ºC for a week and the weight loss indicated that there were 0.09% and 0.18% 

w/w water in PC and PMMA. Different batches of the materials may have different residual 

water so we degas the materials before rehydrating them in water. Oven-dried PC and PMMA 1 

inch rods were then immersed in deionized water and heated at 60 ºC. Their weight increase was 

monitored daily. The results shown in Figure 6-1 (a) suggests that PC can absorb water up to 

0.5% percent of its weight while PMMA can absorb more than 2%. The result matches well with 

previous publication studying water in the two materials [107-109]. Inset photo of Figure 6-1 (a) 

also shows that PMMA rod has changed color from clear to milky white after long exposure to 

water. To study the pore formation temperature, PC and PMMA immersed in 60 ºC water for 

three days were heated in an oven at different temperatures in atmospheric pressure and in 

vacuum.  We can draw two conclusions from the results shown Figure 6-2 (b). The environment 

pressure didn’t change the outcome of the experiment as internal pressure from water 

evaporation would be the dominant factor. The onset temperature for pore generation for both 

polymers is around 180 ºC and all samples at and above the threshold show obvious formations 

of pores inside. The pores in the PC rod were smaller and more uniform; PMMA also showed a 

larger extent of deformation due to its lower glass transition temperature.   
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Microtome machine after fixation in resin. The geometry of the preforms for Fiber A and B were 

the same, and the draw conditions were similar. The different porosity profile resulted from a 

higher water concentration in the preform for Fiber B (0.09% for A vs. 0.3% for B). It is 

suggested that lower water concentration leads to a more uniform pore distribution and a smaller 

pore size. Fiber C was made from PMMA and the majority of the pores on the fiber cross section 

were small and partially blocked by the resin used. Fiber D was drawn at a higher temperature, 

and some of the capillaries have collapsed due to its lower viscosity. Nevertheless, the middle 

porous region can be clearly identified.  

 Preform material and geometry (dimension given 

in inch, the temperature is Celsius) 

        Drawing parameters 

 Material Core     Cladding  Outer layer  Temperature  Final diameter (μm) 

Fiber A PC 0.25 0.75 1 265 400-900 

Fiber B PC 0.25 0.75 1 270 400-700 

Fiber C PMMA 0.5 0.75 1 210 400-700 

Fiber D PMMA 0.25 0.5 0.625 265 300-900 

Table 6-1 Preform geometry and fiber drawing parameters, reproduced from reference [97] 

The original design of the porous fiber was that the porous cladding would have a smaller 

average refractive index than the core, despite made with the same material. However, smaller 

pore size is required for the averaging effect to be dominant over scattering at the polymer/air 

boundary. We still measured the optical transmission loss of the four fibers using standard 

cutback methods, and the results are given in Table 6-2. The intrinsic material loss of the two 

materials is below 1 dB/m, and the polymers used here are not optical grade thus have much 

absorption and scattering loss than the theoretical value. Scattering at the polymer/air boundary 

also contributed to the overall loss of the fiber. 
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Figure 6-4 (a) SEM image of the cross section of porous fiber made from PC and PMMA (b) Optical 

microscopic image of the porous fiber with light injected to the core region from the other end. Scale bar 

is 100 μm. Figure reproduced from reference [97]  

6.3 Proof-of-concept Demonstration of Drug Release by Porous Fibers 

The capillaries in the porous region of the polymer are capable of absorbing liquid, and this can 

facilitate broad applications in the biomedical field. We have shown that the fiber can be 

potentially used for localized drug delivery.  

Photosensitive drugs have been used in photodynamic therapy for cancer treatments [110, 111]. 

The drugs can induce cell death in the cancer region with localized light activation. When the 

drug is given intravenously, one limitation is that the patient needs to limit exposure to light to 

avoid systematic toxicity. Special fibers with both drug delivery and light activation function can 

overcome this limitation and offer a compact solution for treatment in deep tissue. Photosensitive 

drugs can be loaded to the porous region of the fiber by capillary force in advance and be 

released to the patient after fiber implant. The same fiber can then activate the drug locally with 

its light guiding capability. 

We have simulated the drug release process by loading porous fibers with a fluorescent dye and 

have recorded dye diffusion to tissue phantom and live tumors. The experiments were in 

collaboration with Dr. Xiaoting Jia’s group and Dr. Rong Tong’s group at Virginia Tech. The 

dye used in the experiment was rhodamine dissolved in water (2 mg/mL) which emits red light 

with green light excitation. Three types of fiber (porous PC fiber, porous PMMA fiber, capillary 

PMMA fiber) were dipped in the dye solution for loading. The treated fiber were dried overnight 

and inserted to agarose gel blocks immersed in phosphate buffered saline. The fiber and the gel 

were kept at 37 ºC and fluorescent images taken by IVIS imaging systems after two days have 

confirmed the dye diffusion from fiber to the phantom tissue shown in Figure 6-5 (a). Similar 

results were observed in ex vivo experiments in which we inserted the fiber to murine 4T1 

mammary tumors. The qualitative results have paved roads for sustained and controlled drug 

release and activation via functional porous polymer optical fiber. 
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Chapter 7 Summary 

The work presented in this dissertation is focused on the development of novel polymer fiber 

devices fabricated by thermal drawing and the implementation of polymer fiber-based distributed 

sensors. The project was divided into three major sections.  

First, we have reported research progress in combining functional polymer fibers fabricated by 

thermal drawing with electrical reflectometry. The flexibility of the thermal drawing technique 

allows different materials to be incorporated together, enabling complex sensor structure to be 

made within a fiber preform. The preform can then be drawn into submillimeter fiber that 

maintains the same structure on a much smaller scale. With the help of convergence drawing, 

low resistance metal electrodes have been successfully embedded inside polymer fibers to form 

continuous sensing elements. Polymer fibers with embedded electrodes have been designed and 

fabricated for distributed temperature and pressure sensing. The temperature sensing principle is 

the impedance change from thermal expansion or permittivity change of the polymer material 

between the electrodes. Impedance change from deformation of thermoplastic elastomer material 

between the electrodes was used for pressure sensing.  The temperature resolution of the LDPE 

fiber and the PVDF fiber can reach 2°C. The pressure sensing fiber with thermoplastic elastomer 

between the two copper electrodes can detect pressure between 10-60 kPa. 

Secondly, we have implemented a Raman distributed temperature sensing system with 

commercial PMMA polymer optical fibers. Raman scattering based temperature sensor provides 

a distributed sensing solution immune to electrical magnetic interference and the laser intensity 

fluctuation. The ratio of Anti-Stokes and Stokes backscattering intensity from the PMMA fiber 

recorded with high-speed avalanche photodetectors show a quasi-linear relationship with 

temperature. A theoretical spatial resolution of 14 cm can be achieved with the sub-nanosecond 

pulse laser used in the interrogation system. 

Lastly, we have explored the possibility of thermally drawing porous polymer fiber from 

polymer materials with a controlled water concentration. The evaporation of water generates 

pores that are elongated along the fiber axial direction during drawing. The fibers allow liquid to 
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be drawn into the porous region and proof-of-concept drug release experiments on tissue 

phantom and murine tumors have demonstrated the potential for the porous fiber to be used for 

localized drug delivery and activation. 
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