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Ji Wang 

Abstract 

Polymer nanofibers are gaining importance due to their wide applicability in diverse fields, such 

as tissue engineering, fuel cells, photonics and sensors. For these applications, manufacturing 

aligned polymer nanofibers with precisely controlled morphology and well characterized 

mechanical properties in a bottom up configuration is essential. In this work, we developed an 

isodiametric design space for fabrication of aligned polystyrene nanofibers (diameter 60-800nm) 

using non-electrospinning Spinneret based Tunable Engineered Parameter (STEP) technique. By 

adjusting the processing parameters such as relative humidity, solvent volatility and polarity, 

porous polymer tubes are demonstrated having large specific surface areas. Combining STEP with 

sol-gel process, aligned inorganic nanofibers, such as Titanium Oxide (TiO2) with varied 

morphologies can be conveniently obtained. Mechanical properties of aligned polymer nanofibers 

(diameter from 50nm to several hundred nanometers) with fixed-fixed boundary conditions were 

estimated using a lateral force microscope (LFM). We find that the tension in the fiber caused 

during fabrication process scales with fiber diameter and it dominates fiber stiffness. Our studies 

demonstrate isotropic arrangement of polymer chains in the fibers and anisotropic arrangement in 

the necking region for fibers undergone deformation. Finally, this study demonstrates development 

of force sensors capable of measuring single cell forces, which scale with the fiber structural 

stiffness. The ability to measure cell forces during cell division, migration and apoptosis provides 

new insights in cell mechanobiology.  
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Chapter 1 : Introduction 

Nanofibers are one of the most intriguing 1D building blocks playing a pivotal role in 

nanotechnology. Their unique mechanical and electronic properties coupled with the ability to 

functionalize large available surface area promises to revolutionize new devices, circuits, man-

made materials and sensors. These applications require manufacturing of three dimensional 

nanofiber assemblies with precise control on individual fiber dimension and spatial deposition.  

Current state-of-the-art efforts in building these structures are hampered by the spinnability of 

these fibers at the nanoscale, which often result in production of discontinuous fibers or fibers with 

a mix of diameters spun at irregular spacing and orientation. Here using the non-electrospinning 

Spinneret based Tunable Engineered Parameters (STEP) fiber manufacturing platform,[1–3] we 

demonstrate the feasibility of depositing nano-micron scale polymeric fibers with precise control 

on diameter, spacing and orientation in single and multiple layers on planar and 2D curved surfaces 

for a wide range of applications in physical and biological domains.  

1.1 Motivation  

A platform for fabricating and depositing polymeric nanofibers with high degree of alignment and 

precise configuration control on planar and curved substrates may offer new opportunities to 

improve existing technologies or develop new ones as outlined below.  

1.1.1 Bio-Scaffolds for Tissue Engineering  

One aspect of tissue engineering has been the design of polymeric scaffolds with specific 

mechanical and biological properties similar to native extracellular matrix (ECM) in order to 

modulate cellular behaviors, such as migration, proliferation, differentiation, gene expression and 

secretion of various hormones and growth factors.[4,5] Polymer nanofiber networks are ideal for 

tissue engineering scaffolds because the high surface area allows for a high percentage of cellular 
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attachment, as well as multiple focal adhesion points on different fibers due to nano-sized fiber 

diameters. Additionally, fibers in the nanometer range more closely resemble the size of 

extracellular components such as collagen and fibrinogen.  

Today, bio-scaffolds made of electrospun aligned polymer nanofibers are finding applications in 

diverse fields of tissue engineering. Ramakrishna et al. collected aligned polymer nanofibers on a 

rotating drum collector for vascular tissue engineering and they found that human coronary artery 

muscle cells express a spindle-like shape and the cytoskeleton inside these cells was parallel to the 

direction of the nanofibers.[6,7] Prabhakaran et al seeded cardiomyocytes onto aligned electrospun 

(poly L-lactic acid) PLLA nanofibers and the cells exhibited fiber guided filipodia-like protrusions 

and developed into sarcomeres.[8] Yang et al seeded neural stem cells (NSCs) on aligned PLLA 

nanofiber scaffolds and they found that the direction of NSC elongation and outgrowth is parallel 

to the fibers and the NSC differentiation was higher on PLLA nanofibers than that on micro 

fibers.[9] Yin et al found that human tendon stem/progenitor cells (hTSPCs) seeded on aligned 

PLLA nanofibers have significantly higher tendon-specific genes expression than those on 

randomly-oriented nanofibers in both normal and osteogenic media.[10] In vivo experiments 

showed that aligned nanofibers induced formation of spindle-shaped cells and tendon like tissue. 

Lee et al found that human ligament fibroblasts (HLF) on the aligned nanofibers were spindle-

shaped and synthesized significantly more collagen than those on random nanofiber sheets.[11] Li 

et al fabricated radially aligned poly (-caprolactone) PCL nanofibers which induce faster migration 

and population of fibroblast cells than nonwoven mats consisting of random nanofibers.[12] Their 

results indicate that the scaffolds based on radially aligned electrospun nanofibers may be useful 

as biomedical patches or grafts to induce wound closure.  
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Using non-electrospinning STEP manufacturing platform, Nain et al. demonstrated that cells on 

aligned and suspended fibers exhibited higher migration speeds and  changes in migration direction 

[13]. Furthermore, using arrays of aligned parallel and cross hatch patterns of fibers, neural stem 

cells were demonstrated to predominantly differentiate into neurons (~80%) and cells up to 4 mm 

away from those on fibers also predominantly became neurons [14] Subsequently in another 

differentiation study, coupled with ink-jetting of growth factors on suspended nanofibers, the 

authors demonstrated spatial control on achieving muscle, tendon and bone lineages. Recently, 

work by Sheets et al, has demonstrated that cells on suspended fibers have focal adhesion cluster 

length ~4X longer than those on flat substrates, which may be the reason why cells have different 

behaviors associated with fiber dimensionality.[15] In the context of disease models, Sharma et al, 

has demonstrated that the bleb size and number density of blebs on a cell inversely correlates with 

the area, with blebs on glioma cells eliminated at a cell spread area of ~1600 µm2. [16] 

Thus, it is no surprise that cell-fiber interfaces constitute an increasingly studied new class of 

biological assays with widespread applications in development biology and disease models. A 

subset of these biological assays (presented in this work) constitutes the aligned and suspended 

hierarchical assemblies of fiber networks, which provide the cells with simultaneous 1D 

(alignment), 2D (spread cell area) and 3D (cell curvature interactions) interfaces within the same 

scaffold. [17–19] 

1.1.2 Surface modification  
Nanofiber mats usually have high surface roughness and therefore provide an ideal candidate for 

construction of hydrophobic surfaces on a large scale. Compared to most other superhydrophobic 

coatings, nanofiber fabrics have their own advantages, such as being breathable, flexible, and self-

supporting.  
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So far, highly stable superhydrophobic nanofiber fabrics from a variety of materials have been 

achieved. Ma et al achieved nanofibers mats from poly(styrene-blockdimethylsiloxane) block 

copolymer blended with homopolymer polystyrene (PS), which yielded a contact angle of 163°. 

[20] Jiang et al reported a contact angle of 160.4 ° for a membrane consisting of micrometer-sized 

PS particles embedded within a fibrous PS matrix. [21] Acatay et al  reported comparable contact 

angles for a membrane made of a perfluorinated linear diol and beads mixed with 

poly(acrylonitrile-co-a,a-dimethyl m-isopropenylbenzyl isocyanate) fibers. [22] Ma et al also 

found that beads-on-string morphology resulted in improved superhydrophobicity compared to the 

bead-free fibers, with contact angles as high as 175°. They further developed hierarchically 

structured nanofibers with surface decorated with nanometer scale pores or particles, which leads 

to higher contact angles and lower hysteresis values compared to smooth nanofiber mats. [23,24] 

 

Recently, aligned polymer nanofibers have been used to construct biomimetic surfaces with 

controlled wettability. The topography and wetting properties of biosurfaces such as lotus leaves, 

bamboo leaves, goose feathers and water strider’s legs were mimicked with different patterns of 

polymer nanofibers. Wu et al achieved surfaces with anisotropic wetting in three directions based 

on aligned polymer nanofibers. [25] Lin et al developed super-hydrophobic surface made of 

aligned polyacrylonitrile (PAN) nanofibers, which has a water contact angle of 173.8 ° without 

any modification. [26] The density of aligned PAN nanofibers is believed to play an important role 

in determining the hydrophobicity. Lee et al fabricated nanostructured polymeric surfaces with 

aligned PS nanofibers, which show remarkable structural similarity with cicada wings. [27] By 

controlling the aspect ratios of the aligned PS nanofibers, a contact angle of 155.8° has been 
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achieved. In a similar fashion, using STEP fiber assemblies, Mehdi et al studied the effect of 

topographical feature size, spacing and local curvature on the adhesion of bacteria, and concluded 

that texturizing the surface with appropriately designed nanofiber patterns is able to reduce bacteria 

adhesion. [28] 

1.1.3 Textile Industry   

Randomly orientated nanofibers in the typically electrospun non-woven mats is widely used in  

applications of filters and wound dressing. However, nanofibers need to be collected as continuous 

uniaxial fiber bundles or yarns to make their commercialization in the fiber and textile industry 

viable.  

 

Various approaches have been taken to obtain nanofiber bundles/yarns. Fennessey et al twisted 

unidirectional tows of electrospun nanofibers into yarns using an electric twister, which allowed 

tensile testing of the nanofibers.[29] Wang et al obtained continuous polymer nanofiber yarns by 

inducing self-bundling of electrospun nanofiber using a grounded tip. Self-bundling yarns made 

from poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), polyacrylonitrile (PAN), poly(L-

lactic acid) (PLLA) and poly(m-phenyleneisophthalamide) (PMIA), were prepared successfully 

using this approach. [30]Li et al prepared continuous nanofiber yarns of PLLA/ nano-b-tricalcium 

phosphate (n-TCP) composite by conjugate electrospinning with coupled spinnerets.[31]  Ko et al 

manufactured continuous (single wall nanotube) SWNT reinforced PAN nanofiber yarns through 

co-electrospinning process. SWNT contribute to thermal stability and provide a significant 

reinforcement effect at less than 3 % volume.[32] Teo et al reported an approach to assemble 

electrospun fibers into a continuous yarn using a water vortex. Both the feeding rate and the 

polymer solution concentration were found to affect the yarn morphology. [33] 
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1.2 A Brief Survey of Existing Continuous Polymer Nanofiber Fabrication 

Techniques  

Continuous polymer nanofibers have been a subject of intensive research due to their unique 

properties and intriguing applications in many fields. The three major hurdles for controlling the 

quality and scope of the applications include achieving precise control on alignment and 

morphology as well as mechanical characterization of polymer nanofibers. In the following section, 

we present a brief overview of the current state-of-the-art techniques in nanofiber alignment and 

morphology control and mechanical characterization . 

1.2.1 Nanofiber Alignment Control  

One of the key factors impacting applications of continuous micro/nanofibers is the ability to 

precisely control fiber deposition (both orientation and spacing) in single and multiple layers. The 

recent advancements in achieving control on fiber deposition include electrospinng (far-field 

electrospinning (FFES), near-field electrospinning (NFES)) and direct drawing.  

 

FFES is widely used to fabricate continuous micro/nanofibers from various materials (including 

engineering plastics, biopolymers and ceramics). Based on FFES, various electrospinning set-ups 

have been developed to achieve aligned nanofiber assemblies. Dynamic mechanical devices such 

as rotating drums, disks or mandrels are used to collect electrospun nanofibers into aligned 

assemblies. Katta et al demonstrated aligned as-spun nanofibers on a high speed rotating drum.[34] 

Matthew et al demonstrated the effect of the drum’s rotating speed on the degree of electrospun 

collagen fiber alignment. [35] Kessick et al used an alternating-current (AC) high voltage supply 

instead of typical direct-current (DC) supply for electrospinning and found that polyethylene oxide 

(PEO) collected on a rotating mandrel showed a greater degree of alignment using an AC potential 

than a DC potential.[36] Some researchers also achieved aligned electrospun nanofibers by 
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manipulating the electric field. Li et al demonstrated that two electrodes placed in parallel were 

able to collect aligned fibers in the gap. [37] Using a similar concept, some complex patterns of 

electrospun nanofibers were obtained by arranging an array of counter-electrodes.[38] Similarly,  

Teo et al collected aligned nanofibers by placing two blades in line with one another with a gap 

between them.[39] Dalton et al used two rings placed in parallel to collect highly aligned fibers 

deposited at the perimeters of the rings. [40] In all these approaches, due to the inherent electric 

instabilities, a high degree of parallelism among micro/nanofibers was difficult to achieve, which 

may be the result of residual charge accumulation on the deposited fibers that interferes with the 

alignment of incoming fibers.  

 

NFES has demonstrated improved fiber patterning through reduction of applied voltage and the 

source-to-target distance. Bisht et al deposited aligned polymeric nanofibers on two-dimensional 

and three dimensional substrates using low voltage (200V) near-field electrospinning.[41] The 

bending instabilities are reduced, resulting in better control of the polymer solution jet.  Sun et al 

demonstrated orderly collected nanofibers by using a 600 V voltage and a tungsten electrode with 

tip diameter of 25 m.  [42] However, precise multilayer fiber patterning on large surfaces using 

NFES has yet to be demonstrated.  

 

As an alternative approach, direct drawing uses polymer wetted probe tips for precise 

micro/nanofibers deposition. Harfenist et al demonstrated the capability of polymer solutions to 

be quickly drawn and interconnected into custom three-dimensional networks using various 

nanomanipulating instruments. [43] In parallel, Nain et al used proximal probes (AFM cantilevers 

and glass micropipettes) to draw polymer fibers down to a few hundred nanofibers in diameter and 
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several hundred micrometers in length.[44,45] Although some well positioned fibers have been 

demonstrated, this technique cannot operate continuously as (a) it is difficult to precisely deposit 

sub 250nm diameter fibers due to limitations of optical resolution, and (b) the short time constants 

available for continuous fabrication due to evaporation of the solvent.  

 

1.2.2 Nanofiber Morphology Control 

Creating a hierarchical surface roughness by decorating nanofibers with nanometer scale pores has 

recently initiated great interest among researchers. By using a highly volatile solvent during 

electrospinning, porous fibers have been obtained from a wide variety of polymer species, such as 

polystyrene (PS), polycarbonate (PC), poly (methylmethacrylate) (PMMA), poly-L-lactide (PLLA) 

and polyoxymethylene (POM).[46–50] The mechanism of pore formation was attributed to a 

combination of thermal and vapor induced phase separation.  

Micro/nano tubes are increasingly finding potential for applications in a wide range of emerging 

fields: fluid storage for fuel cells, catalysts, drug release and photonics. [51–53] This is due to their 

high specific interface area, which strongly enhances the reactivity, absorption rate as well as the 

efficiency of transport within and across tube walls. To prepare tube structures, three approaches 

are commonly employed: self-assembly, tubes by fiberfiber templates (TUFT) and co-

electrospinning. Self-assembly strategies include assembly of rod-like sub-units into barrel shaped 

frameworks. [54] Linear sub-units, such as natural antibiotic gramicidin A, can form tubular 

structures by coiling into helical conformations. [55] TUFT uses polymer nanofibers as templates 

which are then coated with precursor materials. Tube structures are obtained by selective 

dissolution or thermal degradation of the polymer nanofibers. [56,57] Compared with the other 

two approaches, co-electrospinning is more commonly used due to its simplicity and versatility. 

During a co-electrospinning process, two immiscible solutions are simultaneously spun into 
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core/shell fiberfibers from a spinneret containing coaxial capillaries. Tube structures are then 

typically obtained by selectively removing the core. [58–60] To date, tubular structures made from 

peptides, polymers, and ceramics have been obtained. However, precise control in fiber 

morphology, deposition alignment and assembly still need to be demonstrated.  

1.2.3 Mechanical characterization of polymer nanofibers 

Due to the reduced fiber diameter and the volume, the defects contained in nanofibers is 

significantly reduced compared to the bulk material. In addition, polymer chains may be aligned 

along the fiber axis during the nanofiber manufacturing process. As a result, polymer nanofibers 

possess superior mechanical properties compared to bulk materials. However, mechanical 

characterization of single polymer nanofibers is difficult due to the tiny load (nano Newton level) 

needed to break a polymer nanofiber. In addition, manipulation of single polymer nanofibers is 

challenging due to their fragile natures. In the past decade, various approaches have been 

developed by using an AFM cantilever as the force sensor. Tan et al conducted a three point 

bending test on suspended single PLLA nanofibers and measured their Young’s modulus. [61] 

With the same method, Sung et al characterized the elastic modulus of TiO2 nanofiber. [62] In 

parallel, Li et al have demonstrated that elastic modulus can be obtained by indenting a nanofiber 

using an AFM cantilever tip. Although three point bending and nanoindentation provides 

straightforward approaches to investigate the modulus of single polymer nanofibers, there are 

some problems remained to be addressed. For example, the slippage between the cantilever tip and 

the nanofiber leads to erroneous results and it is difficult to locate the cantilever tip on nanofibers 

with diameter less than 250 nm. In addition, due to the absence of boundary conditions, it is 

difficult to obtain the fiber break strength using three point bending of nanoindentation. Recently, 

Yu et al reported a tensile test of multiwall carbon nanotubes by attaching one end of the nanotubes 

to the cantilever and the other end to an epoxy droplet. [63] However, it is time consuming to 



10 
 

prepare samples and the process needs to be conducted within SEM, where the electron beams 

may damage polymer nanofibers. Development of integrated Approach provide the platform for 

single fiber mechanical characterization on TEM grids with fixed-fixed boundary conditions. 

Using this approach, mechanical characterization of fibers spanning a wide diameter range ( 30-

800nm) was performed. [64] 

1.3 Focus of the Work   

This research aims to establish a robust nanofiber fabrication platform for physical and biological 

applications, which provides unique control on polymer nanofiber i) alignment, ii) spacing, iii) 

diameter (sub 100nm to m) iv) morphology and v) deposition in multi-layer assemblies. The 

proposed research includes: 

1. Develop isodiametric design space for polymer nanofibers thorough investigations of polymer 

solution rheology. The effect of polymer solution concentrations and molecular weights on 

nanofiber diameters will be systematically investigated as fiber spinnability design space using 

STEP process was previously demonstrated to span semi-dilute entangled concentrations.  Using 

STEP, polymer nanofibers with uniform diameter ranging from sub 100nm to microns and lengths 

of at least several millimeters will be deposited in arrays with control on adjacent fiber spacing.  

2. Control both the surface and interior morphology of nanofibers through manipulating relative 

humidity and solvent types. We will introduce nanopores on the nanofiber surface by increasing 

both solvent polarity and relative humidity. Meanwhile, we want to achieve hollow/ porous fiber 

cross-sections by controlling the polymer solution solidification process. The nanofibers with 

porous morphologies would have large surface area, which allows these to be used as absorbents.  



11 
 

3. The mechanical properties of polymer nanofibers may be different from the bulk materials. It is 

necessary to establish a platform to mechanically characterize single polymer nanofibers. Using 

an Integrated Approach, nanofibers with solid boundary conditions will be deposited on TEM 

finder grids. An AFM cantilever will then be used to deflect the fiber at different strain rates and 

measure the forces associated with nanofiber deformation, which will allow determining the 

material constants of nanofibers. Specifically we will determine the tension, modulus, tensile stress 

and polymer chain orientation for different molecular weights of polystyrene subjected to 

deformations at different strain rates.  

4. For real life applications, aligned nanofibers will be used as one dimensional building blocks to 

construct bottom up three dimensional hierarchical assemblies, which will be used as bio-scaffolds. 

The effect of fiber orientation and spacing on cell attachment and spreading areas will be evaluated. 

Further, a nanofiber assembly based cell force measurement platform will be developed, which 

allows probing cell forces in an environment similar to in vivo extra cellular matrix. Cell forces 

associated with cell division, migration and apoptosis process can be measured through the 

deflections of nanofibers.  

5. To further demonstrate the applications of nanofibers, STEP process will be combined with sol-

gel process to produce inorganic nanofibers, such as TiO2 nanofibers. The photocatalytic activity 

of TiO2 nanofibers is directly related to their specific surface area (SSA) and different sol-gel 

routes will be developed to control TiO2 nanofiber morphologies.  
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Chapter 2 Isodiametric Nanofiber Design Space for Depositing 

Aligned Polymeric Nanofibers 

Amrinder Nain, Ji Wang, Polymer Journal, 2013, 45, 695-700. Used with permission of Nature 

Publishing group, 2015. 
 

2.1 Introduction  

Polymeric micro/nanofibers are increasingly gaining importance due to their versatile applications 

in diverse fields, such as tissue engineering, smart textiles, sensors and actuators. Traditionally, 

well established techniques of spun bounding, melt blowing dry spinning, conjugate spinning and 

CO2 laser thinning produce polymeric fibers having diameters in the micron scales with lengths in 

excess of meters. [65–69] However, aligned deposition and continuous production of long fibers 

with nanoscale diameters has been challenging due to the fragility of polymeric materials. 

Additionally, numerous applications require deposition of smooth, uniform and defect-free 

nanofiber arrays in aligned configurations with user-defined geometrical spacing. Several 

processes have been developed to fabricate polymer nanofiber arrays, including electrospinning, 

template synthesis, phase separation and sequential micro dry spinning. Of all these methods, 

perhaps electrospinning is the most popular process, which allows the continuous production of 

fibers ranging from tens of nanometers to a few microns in diameter, and requires specialized 

strategies for aligned deposition of these fibers. Although nanofibers can be more or less aligned 

in single and multiple layers, tight control on fiber diameter and spacing has yet to be realized. The 

deficiencies of current state-of-art fabrication methods continue to hinder improvements in 

applications of polymer nanofibers. 

In this study, aligned polymer nanofibers were achieved using Spinneret based Tunable 

Engineering Parameter technique (STEP).  STEP technique is a non-electrospinning strategy, 
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which enables deposition of arrays of polymer fibers having uniform diameters ranging from sub 

100nm to microns and lengths of at least several millimeters along with the ability to control 

adjacent fiber-fiber spacing. 

2.2 Experimental Section  

Solution preparation: All chemicals were used as received without further purification. Polystyrene 

(PS) of several molecular weights (Mw) (650K, 860K, 1500K, and 2000K g.mol-1, Scientific 

Polymer Products Inc., New York, USA) were dissolved at room temperature in p-xylene with 

varying wt% concentrations (from 1 wt% to 18 wt%) for one week prior to experiments. 

Poly(methyl methacrylate) (PMMA, Mw =540K g.mol-1, Scientific Polymer Products Inc., New 

York, USA) dissolved in chlorobenzene at 14 wt% and poly(lactic-co-glycolic acid) (PLGA, Purac 

Biochem Inc., Holland) dissolved in chloroform at 3 wt% were used in this study. Bovine plasma 

fibrinogen (Sigma-Aldrich Chemical Inc., USA) was dissolved in a solution composed of 9 parts 

1,1,1,3,3,3-hexafluoro-2-propanol (HFP) and 1 part 10×minimal essential medium (MEM) at 20 

wt% for one week prior to experiments. Polyurethane (PU5719, Lubrizol Advanced Material Inc., 

USA) was dissolved in dimethylformamide (DMF) at 30 wt% and heated to 80°C with stirring for 

24 hours to prepare a homogenous solution. One gram of titanium isopropoxide (Ti(OiPr)4, Sigma-

Aldrich Chemical Inc., USA) was mixed with 2.7 g of a 7 wt% PS (Mw=2000K)-p-xylene solution, 

followed by magnetic stirring for 1 hour before experiments 

STEP spinning: The spinning process was performed at a temperature of 20°C and a relative 

humidity of 13%-17%.  The viscous polymer solutions were pumped through the micropipette 

spinneret (ID=100 µm) and formed an extruded solution droplet at the exit (Figure 1(A)). The 

substrate was mounted on a DC motor, which, in turn, was mounted on a motorized micro-

positioning stage with three degrees of freedom (VP-25XA, Newport Inc., USA). After the 
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substrate made contact with the solution droplet, the fibers were collected on the substrate in 

aligned configurations. No voltage source was used in the experiments to eject the polymer 

solution.  

Solvent treatment: A fused PMMA fiber network was obtained by exposing the PMMA fiber 

assembly to chlorobenzene vapor at room temperature in an enclosed chamber for 20 seconds.  

Calcination: As-spun PS-titanium-isopropoxide fibers were left in air for 4 hours to allow for the 

complete hydrolysis of Ti(OiPr)4. PS was removed by treating the fibers in air at 500°C for 4 

hours. 

Characterization: All measurements were performed at room temperature. The intrinsic viscosity 

and the Mark-Houwink–Sakurada constants were obtained through dilute solution viscometry 

experiments. Field-emission scanning electron microscopy (FE-SEM) studies were conducted 

using an FEI Quanta 600 microscope working at 5-25 kV. Fluorescent images were taken with an 

Axio Observer (Carl Zeiss Microimaging Inc., USA). Optical images were taken with an AmScope 

800 digital camera attached to a 30× microscope (Zeiss Inc., USA).  

2.3 STEP Technique   
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The STEP technique requires ambient atmosphere to evaporate the solvent, leading to the 

formation of a solid fiber, but more importantly, does not require the aid of an electric field like 

electrospinning. As shown in Figure 2.1(A) (B), a micropipette loaded with polymer solution is 

connected to a pressure source, leading to an extruded polymer solution droplet at the tip of the 

micropipette. A rotating substrate is brought in contact with the solution droplet, thus, pulling out 

a single filament. During the stretching process of the solution filament, continual evaporation of 

solvent causes an increase in molecular entanglements, thus reducing the overall deformability. A 

 

Figure 2.1(A) A schematic illustration of the experimental set-up of STEP technique, (B) an optical 

image of fiber formation process with the edge of the rotating substrate shown by the dashed line.(C) 

PS fiber diameter as a function of rotation speed for PS 2000K (g.mol-1) 65.1mg.ml-1 solution.  Fiber 

diameter was averaged over 50 measurements. Wang et al, Polymer Journal, 2013, 45. Used with 

permission of Nature Publishing group, 2015 
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solidified fiber is formed by rapid solvent evaporation and collected on the substrate in aligned 

configuration. Different from electrospinning, STEP relies on the rotating speed of the substrate 

rather than an electric field to “stretch and thin” the solution filament. We emphasize that for STEP 

technique, the fluid filament is pulled out rather than ejected from the tip of the droplet, thus, 

resembling a fluid element being pulled out from an endless reservoir. As no voltage is involved, 

both the fluid jet whipping and spraying are avoided in STEP manufacturing, thus, resulting in 

parallel fiber arrays with narrow fiber diameter distributions.  

High aspect ratio fibers of long lengths (mm-cm) having diameters ranging from sub-100nm to 

microns (aspect ratio: length/diameter > 2000) were obtained by optimizing processing parameters 

(rotating speed of the substrate) and material parameters (the solution concentration and the 

polymer molecular weight). For a given polymer solution, the extensional deformation due to 

filament stretch scales with rotational speed (ω) as shown in Figure 2.1(C). In this study, all fibers 

were obtained at a constant rotating speed ω=40RPS (substrate width=8mm). At this constant 

rotating speed, we present an engineering design space for fabricating uniform diameter fibers (70-

800 nm) of high aspect ratio (> 2000). The isodiametric design space for fabricating continuous 

fibers is dependent upon achieving a minimum number of polymeric molecular chain 

entanglements for different molecular weights. The entanglements in a polymer solution are 

typically represented by critical overlap concentrations (C*) and critical entangled concentrations 

(Ce). (Appendix A)  

2.4 Isodiametric Design Space  

PS was dissolved in p-xylene in increasing concentrations at four molecular weights (650K, 860K, 

1500K and 2000K g.mol-1). Diameter dependence on solution concentrations (C) was then 

investigated (Figure 2.2 A) and was found to scale with C* as:  
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        650K:   Dia(nm)=  0.3 (
𝐶

𝐶∗
)

2.1

                               Eq  2.1  

        860K:    Dia(nm) = 2.9 (
𝐶

𝐶∗
)

1.4

                                                                                  Eq  2.2  

       1500K:   Dia(nm) = 10.3 (
𝐶

𝐶∗
)

1.1

                                                                                Eq  2.3  

       2000K:   Dia(nm) = 60.7 (
𝐶

𝐶∗
)

0.7

                               Eq 2.4                                                          

                       

The scaling laws were developed using C*, as the critical overlap concentrations were accurately 

obtained from dilute solution intrinsic viscosity experiments. Similarly, diameter dependence on 

molecular weight for different concentrations was investigated (Figure 2.2 B) and found to scale 

as: 

 

     10%wt:  Dia(nm)=1E-9 (𝑀𝑤)1.8                                                                                  Eq  2.5 

                   

     14%wt:  Dia(nm)=4E-8 (𝑀𝑤)1.6                                                                                      Eq  2.6 
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     18%wt:  Dia(nm)=8E-5(𝑀𝑤)1.1                                                                                 Eq  2.7 

                

From equations 2.1 to 2.4, lower molecular weight species exhibit larger exponents which 

demonstrate that a higher concentration is required for the formation of polymer chain 

entanglements necessary to form smooth and uniform fibers. From equations 2.5 to 2.7, decreasing 

 

Figure 2.2  Linear regression analysis developed for fiber diameter vs (A) normalized concentration 

(C/C*), (B) molecular weight,(C)the isodiametric design space for polystyrene nanofibers 

superimposed on Graessley diagram: blue color lines represent isodiametric lines(numbers on these 

lines denoting fiber diameters). Inserts 1-4 are representative images corresponding to the 4 points 

(noted as 1-4) in the design space. Each data point in (A) and (B) is an average result over at least 

50 measurements. 
 

Figure 2.2 Linear regression analysis developed for fiber diameter vs (A) normalized concentration 

(C/C*), (B) molecular weight,(C) the isodiametric design space for polystyrene nanofibers 

superimposed on Graessley diagram: blue color lines represent isodiametric lines(numbers on these 

lines denoting fiber diameters). Inserts 1-4 are representative images corresponding to the 4 points 

(noted as 1-4) in the design space. Each data point in (A) and (B) is an average result over at least 50 

measurements. Wang et al, Polymer Journal, 2013, 45. Used with permission of Nature Publishing 

group, 2015 
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exponents demonstrate diminishing role of molecular weight in fiber formation process as the 

concentration increases, which can be explained through the relation between the gyration radius 

of polymer chain (RG) and the polymer solution concentration (C): RG~C-1/4. [70] An increase in 

polymer solution concentration makes the polymer chains in solution more compact, thus limiting 

the effect of molecular weight. 

The role of increased polymer chain entanglements with increase in i) molecular weight (at the 

same concentration), and ii) concentration (at the same molecular weight) is to restrict the ability 

of individual polymeric chain segments to undergo physical deformation in the extensional stress 

field during the fiber formation process. The scaling laws developed for fiber diameter control 

(equations 2.1-2.7) are mapped to obtain the isodiametric design space (Figure 2.2 C). By visual 

inspection of the isodiameter lines (blue lines) in the mapped design space, it is straightforward to 

determine regions of solution rheology with sufficient polymer chain entanglements required for 

fabrication of smooth, uniform fibers with diameters ranging from 70nm to 800nm, having lengths 

of at least several millimeters. STEP-based uniform diameter fiber arrays were obtained at 

concentrations closer to and greater than Ce, which signifies the transition from semi-dilute un-

entangled to semi-dilute entangled domain. At Ce, the molecular chains are considered to have 

sufficient overlaps, thus, forming a long range physical entanglement network, which is necessary 

for continuous fabrication of smooth and uniform fibers. An increase in the concentration beyond 

Ce leads to compacted polymeric chains due to a decreased number of solvent molecules entrapped 

in the entangled polymer chain networks, which ultimately results in larger diameters under the 

same external extensional stress.  

The limiting cases for fiber formation of acceptable attributes (smooth, defect free and of 

substantial length) occur at very low and highly concentrated solution rheologies. At low 
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concentrations (semi-dilute un-entangled and dilute domains), there are not enough polymer 

molecules to form long range networks, yielding the classic beaded morphology as shown in insert 

1 (corresponding to point 1 in the design space).  At the other extreme of highly concentrated 

rheologies, the absence of solvent molecules leads to the convergence of isodiameter lines, 

signifying the limits of dry-spinning-based manufacturing methods such as STEP and 

electrospinning. At these high concentrations, fibers of large diameters (tens of microns) were 

obtained along with beads, as shown in insert 4 (corresponding to  point 4 in the design space), 

which is comparable to fibers obtained from traditional melt spinning manufacturing 

methods.[71,72]  

Table 2.1 Fiber diameter obtained in PS fiber design space with data in parenthesis obtained 

through the scaling laws. (Equations 2.1-2.7) 

 

 

Table 2.1 Fiber diameter obtained in PS fiber design space with data in parenthesis obtained 

through the scaling laws. (Equations 2.1-2.7) .Wang et al, Polymer Journal, 2013, 45. Used with 

permission of Nature Publishing group, 2015 
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Fibers of increasing diameters were obtained through transition of solution rheologies from semi-

dilute to concentrated regimes. As shown in Figure 2.2 C inserts 2 and 3, aligned 70nm diameter 

fiber arrays were obtained at semi-dilute entangled region (point 2) while 500nm diameter fiber 

arrays were obtained at concentrated  entangled region (point 3). Fiber diameter distribution is 

controlled well within 20%, including manufacturing and measurement errors. (Table 2.1)  

 

Figure 2.3 Polyurethane fiber obtained from varied solvent ratio (DMF/THF, w/w) at the 

same concentration (30%w). (A) 100% DMF, (B) 80% DMF and 20%THF, (C) 70%DMF 

and 30% THF. (D) 30% DMF and 70% THF.  

Figure 2.3 Polyurethane fiber obtained from varied solvent ratio (DMF/THF, w/w) at the 

same concentration (30%w). (A) 100% DMF, (B) 80% DMF and 20%THF, (C) 70%DMF 

and 30% THF. (D) 30% DMF and 70% THF. 
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2.6 Polymer Nanofibers Prepared using STEP Technique   

 

 

 

Figure 2.4 Polyurethane fiber achieved using the same solvent (DMF/THF=7/3, w/w) at 

increasing concentration: (A) 18%wt, (B)20%wt, (C) 24%wt, (D)26%wt, (E) 28%wt and (F) 

30%. (G) PU fiber diameter as a function of solution concentration.   

 

Figure 2.4 Polyurethane fiber achieved using the same solvent (DMF/THF=7/3, w/w) with 

increasing concentration: (A) 18%wt, (B)20%wt, (C) 24%wt, (D)26%wt, (E) 28%wt and (F) 

30%. (G) PU fiber diameter as a function of solution concentration. 
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The proposed STEP-based methodology is able to achieve nano/micro fiber arrays of various 

polymer species. Besides solution concentration and molecular weight, solvent volatility is another 

important processing parameter. To control the solvent volatility, DMF (boiling point 153°C) and  

THF (66°C) were mixed at different weight ratio (w/w) as solvent for polyurethane (PU). As the 

THF component increases in the solvent, the mixed solvent becomes more volatile and larger fiber 

diameter were achieved as shown in Figure 2.3. When using the same solvent (DMF/THF=7/3, 

w/w), PU fiber diameters scale with solution concentrations as shown in Figure 2.4. Note that 

beaded fibers were obtained at low solution concentration (18%wt). PU fiber diameter increases 

from 400nm to 1.7 m as solution concentration increases from 20% wt to 30%wt.  

Fibrinogen fibers were also prepared through the STEP technique using HFP (bp 59°C) as solvent 

(Figure 2.5). However, the fast evaporation of HFP leads to rapid solidification of the solution 

droplet, which blocks the spinneret and leads to discontinuity of the fiber spinning process. In 

order to achieve continuous fiber spinning, saline (0.9% wt NaCl solution) was used as the solvent 

 

Figure 2.5 Fibrinogen fibers prepared through the STEP technique using HFP as solvent. 
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for fibrinogen. The solubility of fibrinogen in saline is 10mg/ml, which is not enough to form 

smooth and continuous fibrinogen fibers. To increase the spinnability, 1%wt PEO (Mw=4000k) 

was added into fibrinogen/saline solution. As-spun PEO/fibrinogen fibers were exposed to 

glutaraldehyde vapor in a chamber for 30mins to crosslink fibrinogen. The PEO in as spun fibers 

were subsequently leached out in water and pure fibrinogen fibers were achieved. Using this 

approach, continuous fiber spinning process was realized and fibrinogen fiber scaffolds were 

achieved as shown in Figure 2.6 (A). Note that the leaching of PEO leads to porous fibrinogen 

fibers as shown in Figure 2.6 (B) (C).  

 

Figure 2.6 (A) Fibrinogen fiber scaffolds. (B)(C) Porous fibrinogen fibers. 
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Besides PU and fibrinogen, STEP technique has been extended to other polymer species and highly 

aligned polymer fiber patterns are achieved. Figure 2.7 (A) presents parallel PEO nanofiber arrays 

(diameter: approximately 400 nm), while Figure 2.7 (B) demonstrates a PLGA fiber (diameter 

150-500 nm) assembly. Figure 2.7 (C) shows an inter-connected PMMA fiber network composed 

of 3×4 equal size unit cells that was obtained by treating the crisscross PMMA fiber assembly with 

solvent vapor. The PMMA fibers became flat ribbons of 4-5 m in width and were fused at 

intersections. 

2.5 Conclusion  

In conclusion, an isodiametric design space is developed to deposit PS fibers having diameters 

ranging from 70nm to 800nm with lengths of at least several millimeters. The molecular 

entanglement based scaling laws are used to investigate the role of polymer chain entanglements 

on fiber formation and demonstrate that smooth, uniform fibers of substantial length are obtained 

at concentrations approaching and exceeding the critical entangled concentration (Ce). Visual 

inspection of the isodiametric design space provides knowledge of polymer molecular weight and 

solution concentration rheology required to fabricate continuous high aspect ratio fibers.  

 

Figure 2.7 Fiber assemblies made from various materials: (A) parallel unidirectional PEO 

fibers, (B) a PLGA nanofiber assembly, and (D) an inter-connected orthogonal PMMA fiber 

network. Wang et al, Polymer Journal, 2013, 45. Used with permission of Nature Publishing 

group, 2015 

 

 

 



26 
 

Chapter 3 Aligned Polystyrene Tubes with Controlled Morphologies 

Ji Wang, Junbo Hou, Eduardo Marquez, Robert B.Moore, Amrinder Nain, Polymer, 2014, 55, 

3008-3014. Used with permission of Elsevier publishing group, 2015. 

3.1 Introduction  

Micro/nano tubes are finding increasing potential for applications in a wide range of emerging 

fields: fluid storage for fuel cells, catalysis, drug release and photonics.[73,74] This is due to their 

high specific interface area, which strongly enhances the reactivity, absorption rate as well as the 

efficiency of transport within and across tube walls.[75] To prepare tube structures, three 

approaches are commonly employed: self-assembly, tubes by fiber templates (TUFT) and co-

electrospinning process. Self-assembly strategy includes assembly of rod-like sub-units into barrel 

shaped frameworks. Linear sub-units, such as natural antibiotic gramicidin A, can form tubular 

structures by coiling into helical conformations.[54,55,76] TUFT uses polymer nanofibers as 

templates, which are coated with precursor materials. Tube structures are obtained by selective 

dissolution or thermal degradation of the polymer nanofibers. [53,77] Compared with the other 

two approaches, co-electrospinning is more commonly used due to its simplicity and versatility. 

During a co-electrospinning process, two immiscible solutions are simultaneously spun into 

core/shell fibers from a spinneret containing coaxial capillaries. Tube structures are then typically 

obtained by selectively removing the core. [58,78] 

To date, tubular structures made from peptides, polymers, and ceramics have been obtained. 

However, challenges in precise control of tube alignment and morphologies still need to be 

addressed. Herein, we report an effective and robust approach to fabricate highly aligned PS tubes 

based on a recently reported non-electrospinning STEP technique. The STEP technique provides 

unique control on tube i) alignment, ii) spacing, iii) length, iv) diameter (sub 100nm to several 

microns), and v) scalability to develop assemblies. We demonstrate that appropriate selection of 



27 
 

solvent, humidity and solution concentration results in porous tubes, which display excellent 

absorption capacity.  

 

 

Figure 3.1 (A)-(B) schematic illustration of smooth solid fibers formation, SEM images of a side 

view (C) and cross section (D) of smooth solid fibers, (E)-(G) schematic illustration of  porous tubes 

formation, SEM images of a side view (H) and cross section (I) of porous tubes, (J)-(L) schematic 

illustration of wrinkled porous fibers formation, SEM images of a side view (M) and cross 

sections(N) of wrinkled porous fibers. Red arrows in (I) and (N) indicate the thickness of the skin 

layer. Wang et al, Polymer, 2014, 55. Used with permission of Elsevier publishing group, 2015. 
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3.2 Experimental Section  

 

Chemicals and Materials: All chemicals were used as received without further purification. 

Polystyrene (PS) (Mw=2000 kg.mol-1, Scientific Polymer Products Inc, USA) was dissolved at 

room temperature in p-xylene and N,N-dimethylformamide (DMF) mixtures with volume ratios of 

100:0, 50:50 and 15:85. MWCNTs (diameter in the range 10-20 nm, length in the range of 10-20 

m) were dispersed mechanically in PS solution by an 8 hour sonication treatment at room 

temperature followed by continuous mechanical mixing before spinning.  

 

STEP Spinning: In a typical STEP spinning process, viscous polymer solutions were pumped 

through a micropipette spinneret (ID=100 µm). The rotating speed of the substrate was set at 40 

RPS for all experiments. All spinning processes were performed at room temperature (25°C). 

 

Characterization:  The viscosity of polymer solutions and commercial oils was determined using 

an AR 2000 rheometer (TA Instrument, USA). To determine the solvent evaporation rate, 10 mL 

of solvent was injected into a 6-cm diameter glass petri dish, which was placed on an analytical 

balance to record the weight loss every minute. All measurements were conducted at 25°C.  The 

morphology and cross-section of STEP spun fibers were examined through a field emission 

scanning electron microscope (FESEM, LEO 1550, Zeiss, USA). For TEM (Philips, EM420) 

characterization, as spun fibers were carefully collected on a carbon coated copper grid. The 

specific surface area (SSA) of the fibrous mats was obtained from nitrogen physi-absorption data 

in the relative pressure range from 0.01 to 0.99 using the Brunauer-Emmett-Teller method. Tensile 

tests of the fibrous mats were performed on a micro-force testing system (TYTRON 250, MTS) 

with a 5N load cell operating at 1mm/min strain rate.  
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Oil Absorption: To analyze the maximum oil absorption capacity of fibrous sorbents, 10 mg of 

absorbents were placed in a glass beaker filled with 100 mL of oil. After 40 min of absorption, the 

wet absorbents were drained for 5 minutes and weighed. Oil absorption capacity of the absorbents 

was determined by the following equation: 

                                                        Eq 3.1 

Where Q is the absorption capacity (g·g-1), mf is the weight of the wet sorbent after 5 min of 

drainage (g), and m0 is the initial weight of the sorbent (g). The absorption capacity was averaged 

over three samples.  

3.3 Polystyrene Tube Structure 

STEP fiber morphology is related to solution filament solidification and phase separation process. 

Solidification involves both solvent molecules diffusing to solution filament surface and 

evaporating from the surface. As solution filament solidifies, phase separation (separation of 

solvent rich phase from solvent poor phase) can be triggered by moisture content in the ambient 

atmosphere, causing pores to develop on the fiberfiber surface. Both solidification and phase 

separation are affected by solvent polarity and volatility, which can be tuned by mixing a low 

polarity and low boiling point solvent p-xylene (polarity index 2.5, bp 138°C)  with a high polarity  

and high boiling point solvent DMF (polarity index 6.4, bp 154°C). In order to examine the effect 

of solvent polarity and volatility on fiber formation process, we spun fibers at 45% relative 

humidity (RH) from PS/solvent concentration (99.2mg.mL-1) solutions with three different 

solvents: (i) pure p-xylene (control), (ii) 50:50 (v:v) DMF with p-xylene, and (iii) 85:15 (v:v) DMF 

with p-xylene.  

0

0

fm m
Q
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For the pure PS/p-xylene system (solvent i), the solvent evaporation rate being high causes rapid 

solvent removal from the solution filament (Figure 3.1 A, B) resulting in a solid polymer fiberfiber 

with uniform cross-section (Figure 3.1 D). In this scenario, moisture in the ambient atmosphere is 

not absorbed to the solution filament surface due to the low polarity of the solvent, thus giving rise 

to a smooth fiber surface (Figure 3.1 C). Next, by mixing 50:50 (v:v) DMF with p-xylene (solvent 

ii), the increased polarity causes moisture in the air to condense on solution filament surface 

(Figure 3.1 E). Upon water evaporation from the surface, imprints were formed which resembled 

“pits” (Figure 3.1 F, G)). [79] Given the high miscibility of DMF and water, absorbed moisture 

 

Figure 3.2 (A) Nitrogen adsorption isotherms of PS morphologies formed from different solvent 

composition, (B) Nitrogen adsorption isotherms of PS porous tubes made from varied concentrations 

(C/C*=12,21,31). Wang et al, Polymer, 2014, 55. Used with permission of Elsevier publishing 

group, 2015. 
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in the polymer-/solvent system decreased PS solubility, thus triggering vapor induced  phase 

separation.[48] As shown in Figure 3.1 (H), polymer rich phase solidified while solvent rich phase  

 

Figure 3.3 (A)-(C) PS porous tubes formed at RH 20-25%: (A) SEM, (B) TEM images of the tube 

structure, (C) diameter distribution of pores on the tube surface. (D)-(F) PS tubes formed at RH 45%-50%: 

(D) SEM, (E) TEM images of the tube structure, (F) diameter distribution of pores on the tube surface. 

Scale bars are 200 nm in (A) and (D) and 100 nm in (B) and (E).  Inserts are schematic illustrations of the 

porous tube morphologies. 150 pores were measured for each RH (Figure C and F).  

 

Table 3.1 Pore diameters under varying humidity levels . Wang et al, Polymer, 2014, 55. Used with 

permission of Elsevier publishing group, 2015. 

Humidity range  
pore diameters 

range (nm) 

Most frequent pore 

diameters (nm) 

Pore area ratio (total pore 

area/fiber surface area) 

20-25% 20-140 50-80 4.1% 

45-50% 20-210 60-110 24.5% 

 

 

Figure 3.3 (A)-(C) PS porous tubes formed at RH 20-25%: (A) SEM, (B) TEM images of the tube 

structure, (C) diameter distribution of pores on the tube surface. (D)-(F) PS tubes formed at RH 45%-50%: 

(D) SEM, (E) TEM images of the tube structure, (F) diameter of pores on the tube surface. Scale bars are 

200 nm in (A) and (D) and 100 nm in (B) and (E).  Inserts are schematic illustrations of the porous tube 

morphologies. 150 pores were measured for each RH (Figure C and F). Wang et al, Polymer, 2014, 55. 

Used with permission of Elsevier publishing group, 2015. 
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eventually became pores. Furthermore, since solvent evaporation is exclusively taking place from 

the boundary, a skin layer which is rich in polymer is established at the early stage of 

solidification.[80,81] As shown in Figure 3.1 (E, F), the solidifying solution filament consists of 

a solvent rich core surrounded by a polymer rich shell. As solvent is removed from the core of the 

filament, a compressive radial stress is generated on the shell, which can be estimated through:[82]  

r
P

R
  

                                    Eq 3.2
 

 

where r is the fiber radius, ΔR is the shell thickness, and ΔP is the pressure difference across the 

shell, usually taken as atmospheric pressure. Based on SEM measurements of fiber cross sections 

(r ~1.81±0.41m, ΔR ~0.49±0.17m), the radial stress ranges from 0.2 to 0.6 MPa. Interestingly, 

the tubes are observed to maintain their cylindrical appearance, indicating that the tube walls are 

able to sustain the compressive radial stress. Furthermore, using the method outlined in this work, 

we have observed tube formation for PS fiber diameters as low as 0.3m, which is in agreement 

with the theoretical predictions of Guenthner et al,[83] that formation of stable tube structures by 

evaporation is more likely to take place in small diameter fibers with diameter of hundreds of 

nanometers. For even larger diameters (dia>5m), Koombhongse et al. have reported flat ribbon 

morphologies using single nozzle electrospinning process, which are believed to be collapsed thin 

skin layers initially formed in solution filament solidification process.[84] Note that the tube outer 

diameter range achieved in this study (0.3-3.6m) is comparable to the tube dimensions (outer dia 

0.3-4 m) reported in the past fabricated by co-electrospinning technique, in which a core aqueous 

solution is needed for precipitation of the shell polymer. [60,78] Instead of conducting coaxial 

electrospinning, this study demonstrates a convenient alternative approach to achieve polymer tube 
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structures through tuning solvent evaporation.  

 

As DMF volume ratio was increased to 85% in the mixture (solvent 3), the boiling point of the 

solvent was further raised, which in turn lowered the solvent evaporation rate and prolonged the 

fiber solidification process. In this case, moisture in the air penetrated into the interior of the 

solution filament and initiated vapor induced phase separation (VIPS) (Figure 3.1 (J-L)), as 

evidenced by the porous morphology at the core (Figure 3.1 (M)(N)). Pai et al. reported similar 

porous core morphology when they electrospun PS fibers in a high humidity environment 

(RH=37%-43%).[85] Based on the nitrogen adsorption isotherms, the BET specific surface area 

(SSA) was obtained for varied fiber morphologies. Both porous tubes and wrinkled porous fibers 

demonstrated higher SSA (8.81 m2.g-1 and 6.88m2.g-1 respectively) than smooth solid fibers (4.89 

m2.g-1). (Figure 3.2 (A))  

 

Relative humidity (RH) has been extensively reported to play an important role in controlling fiber 

surface morphologies.[86–88] In this work, RH was varied to achieve control on tube wall 

porosities. As shown in Figure 3.3 (A, B), at low RH (20%), only a few pores were observed on 

tube walls. On the other hand, at high RH (45%), the tube walls become saturated with pores, as 

shown in Figure 3.3 (D, E). Both pore size and distribution are observed to increase with RH, 

which can be attributed to the coalescence of smaller pores into larger ones. Casper et al. have 

reported a similar trend of pore size evolution on electrospun fiber surfaces.[46] The pore diameter 

and distribution observed at both humidity ranges is summarized in Figure 3.3 (C, F) and Table 
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3.1.  

 

To control the dimensions of the porous tubes, solution concentration was varied in solvent 2 

(50:50=xylene: DMF) under fixed relative humidity (RH~45-50%). By increasing solution  

 

Figure 3.4 (A)PS fiber  outer diameter(solid circle) and solvent diffusion coefficient(solid 

square) as a function of entanglements  (C/C*). (B) 1-5 are PS fiber morphologies obtained 

from C/C*= 3, 6, 12, 22, 31 respectively. Scale bars are 200 nm in B 1- 3 and 1 m in B 4-

5. Wang et al, Polymer, 2014, 55. Used with permission of Elsevier publishing group, 2015. 
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concentrations, polymer chain entanglements (characterized as C/C*, where C* is the critical 

overlapping concentration 3.2 mg.ml-1 for 2000K g.mol-1 PS in p-xylene) are increased, which 

restricts the stretching of polymer solution filament in the extensional stress field during the fiber 

formation process. [44, 45] As a result, fiber diameter was increased from 100 nm to more than 2  

m, as shown in Figure 3.4 (A). Also, increased polymer chain entanglements lower the solvent 

molecule diffusion coefficient. (Appendix B). At relatively low entanglements (C/C*=3), small 

diameters provide large specific surface area, which facilitate rapid evaporation of solvent. In 

addition, the solvent diffusion coefficient is high, which favours diffusion of solvent molecules to 

the fiber surface.  As a result, solvent was rapidly removed from the system and a solid fiber was 

achieved (Figure 3.4 (B)). As reported in previous study, for both electropspinning and STEP 

spinning technique, as entanglements increase, [44, 46, 47] larger diameter fibers are obtained, 

which decrease the specific surface area ( surface area per unit mass). In addition, the diffusion 

coefficient is significantly reduced. Both the increase in fiber diameter and decrease in diffusion 

coefficient lead to a slow solvent removal process. As a result, a polymer rich shell is initially 

Table 3.2 PS tube wall thickness as a function of entanglements Wang et al, Polymer, 2014, 

55. Used with permission of Elsevier publishing group, 2015. 

Solution concentration C (mg.ml-1) 
Entanglements 

C/C* 
Tube Wall Thickness (m) 

9.6 3 Solid fibers 

19.2 6 0.05±0.03 

38.4 12 0.16±0.04 

67.2 21 0.27±0.08 

99.2 31 0.49±0.17 
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formed, which can subsequently develop into tubes after solidification. As demonstrated in Figure 

3.4 (B), tubular structures were obtained when C/C* was above 6. Continuous production of long 

tubes was achieved as C/C* reached 12, where large scale tube mats can be easily prepared for 

diverse applications. It was found that Increase of solution concentration also causes increased 

tube wall thickness, as summarized in Table 3.2. According to nitrogen adsorption results (Figure 

3.2 (B)), the tube structures made from (C/C*=12) show a SSA of 18.98 m2.g-1, which is higher 

than the tubes made from C/C*=21 (10.55 m2.g-1) and C/C*=31 (8.81 m2.g-1). This could be 

attributed to the relatively small tube diameters formed at C/C*=12.  

 

 

 

 

 

 

 

 

 

 

 

 

 

3.4 Application in Selective Absorption  
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In applications such as selective absorption, pores in the tube wall may cause stress concentration 

and lead to poor mechanical strength. To increase the strength, 2 wt% MWCNTs were added to 

the polymer solutions to reinforce the resultant structures made from C/C*=12. As shown in 

Figure 3.5 and summarized in Table 3.3, stress-strain curves of the resultant tubes demonstrate a 

 

Figure 3.5 Typical stress-strain curves of PS tubes and PS / MWCNT tubes. Insert: TEM 

image of MWCNTs within PS tubes with scale bar: 50 nm. Red circles highlight the aligned 

MWCNTs. Used with permission of Elsevier publishing group, 2015. 

Table 3.3 Mechanical Properties of PS tubes and PS/MWCNT Tubes. Used with permission of 

Elsevier publishing group, 2015. 

 
Diameter 

(m) 

Ultimate Strength 

(MPa) 

Elongation to 

failure 

% 

PS/MWCNT 

tubes 
0.66±0.27 35.8±7.1 18.7±3.5 

PS tubes 0.71±0.19 16.3±2.7 13.6±2.7 
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marked improvement in tensile strength. By incorporating MWCNTs, ultimate strength is 

enhanced from 16.3±2.7 to 35.8±7.1 MPa, while average elongation to failure is increased from 

13.6% to 18.7%, demonstrating improvements of 119% and 37%, respectively. Subsequent TEM 

analysis (Figure 3.5 insert) indicates MWCNTs alignment along the tube axis, which may be 

contributing to the increased tensile strength.  

 

Next, the hydrophobic properties of PS/MWCNT tube mats were characterized through oil contact 

angle (OCA) and water contact angle (WCA) measurements. The oil droplets were immediately 

absorbed by the tube mat, whereas water droplets remained stable on the tube mat and exhibited a 

large WCA ~ 119°. (Figure 3.6)  To determine the absorption capacities of the PS/MWCNT tubes, 

 

Figure 3.6 Water contact angle on a PS/MWCNT tube mat. Wang et al, Polymer, 2014, 55. 

Used with permission of Elsevier publishing group, 2015. 
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10×10 cm2 mats comprising a cross-hatch pattern of tubes were prepared using STEP technique, 

as shown in Figure 3.7 (A, B). Figure 3.7 (C) compares oil absorption capabilities of three fibrous 

absorbents. Smooth PS fiber and PS/MWCNT tubes have significantly higher oil absorption 

capacities than commercial absorbents such as non-woven polypropylene (PP) fibers, and this can 

be attributed to the difference in diameters (PS fiber diameter ~800 nm, PS tube diameter ~700 

nm, PP fiber diameter ~20 m) PS/MWCNT tube mats have oil absorption capacity of 33.8g.g-1 

for soybean oil and 39.8 g.g-1 for paraffinic oil respectively, which is higher than that of smooth 

PS fiber mats (26.1 g.g-1and 32.2 g.g-1 respectively). The reason could be their porous hollow 

 

Figure 3.7 (A) A aligned PS/MWCNT tube mat, insert is a zoomed-in area of the mat, (B) 

cross-section of the tube mats, (C) oil absorption capacity of PS/MWCNT tubes (absorbent 1), 

smooth PS fibers (absorbent 2)  and non-woven PP fibers (absorbent 3), and (D) recycled 

absorption capacity of PS/MWCNT tubes, smooth PS fibers and non-woven PP fibers. Wang 

et al, Polymer, 2014, 55. Used with permission of Elsevier publishing group, 2015. 
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structure, which provides larger area for oil anchoring.[85,89] Note that the oil absorption capacity 

is higher for more viscous paraffinic oil (paraffinic oil viscosity 68mPa·S, soybean oil viscosity 

39mPa·S), which has better adherence on the absorbent surface. [90] To compare the reusability, 

absorbents with soybean oil were squeezed under 5KPa pressure to remove the absorbed oil and 

then reused, as shown in Figure 3.7(D). For all absorbents, the oil absorption capacity decrease 

after each cycle, which could be attributed to the reduction of inter-fiber voids during the squeezing 

process.  Note that compared with the other two absorbents, the PS/MWCNT tube mats maintained 

considerable oil absorption capacity after three cycles. 

3.5 Conclusion  

In conclusion, through manipulating solvent composition, relative humidity and solution 

concentration, porous tube structures were obtained directly through solvent evaporation using the 

STEP technique. For the first time, we demonstrate long porous tubes with surface pores. 

Incorporating MWCNTs into the tube structures significantly improved the tube mechanical 

properties. Orthogonal assemblies of aligned tubular structures with MWCNTs in multiple layers 

demonstrated excellent absorption capacities. We envision that the procedures and methods 

outlined in this study can be extended to provide organized micro/nano fibers with controlled 

surface and interior features for a diverse range of applications. 
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Chapter 4 Mechanical Characterization of a Single Polymer 

Nanofiber  

4.1 Introduction  

Recent advances in nanotechnology has enabled nanofibers made from various materials, such as 

polymers, carbon and semiconductors, which have been used for a wide range of applications, 

including tissue engineering, filter media, fuel cells and photonics.[57,91–97] One of the 

motivations for the miniaturization process of materials is the mechanical properties that nano-

sized material possess as compared to bulk materials. However, due to the reduced size of fibers, 

characterizing single nanofiber mechanical properties is challenging and there are two major 

problems to be addressed:  

1. Establishing solid boundary conditions for extremely small diameter fibers is difficult.  

2. The load needed to deform a single nanofiber is in the range of nano Newton, which is 

below the resolution of most commercial mechanical testing system(~0.1mN).[98] 

In the past decade, several approaches have been developed to characterize single nanofiber 

mechanical properties, including tensile tests, three point bending, and nanoindentation.  

Tan et al conducted tensile tests on single electrsopun PEO fibers (diameter ~700nm). One end of 

the fiber was attached to a movable stage and the other end to an AFM cantilever. By moving the 

stage, the fiber was deflected and the forced was measured through deflection of the cantilever. 

Using this method, Liu et al obtained the Weibull distributions of PMMA nanofiber (diameter 

380±61nm) strength and CNT/PMMA composite nanofiber (371±48nm) strength. [99] However, 

it is time consuming to manipulate single nanofibers, especially for sub 250nm diameter fibers. 

[100] Similarly, AFM cantilevers have also been used for conducting CNTs tensile tests in SEM. 

[63,101] This method can be applied easily to CNTs but not for polymer nanofibers, which can be 
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damaged by electron beams. Using a commercial nanotensile testing system ( Nano Bionix System, 

MTS), Tan et al and Wong et al conducted tensile tests on single PCL nanofibers (diameter 500-

1700nm)  respectively. [102,103] Their results demonstrates that reduced fiber diameter leads to 

improved mechanical strength. Due to the resolution of the tensile test system (50nN), it is difficult 

to characterize strength of polymer fibers with sub 100nm diameters. 

Bending test for nanofibers is a commonly used approach to detect single nanofiber modulus. 

Nanofibers are deposited on a substrate with grooves or holes so that a section of the fiber is 

suspended and an AFM cantilever is used to deflect the suspended fiber at the middle. Samples 

tested using this method includes CNTs[104,105] , polymer nanofibers [106,107]and 

biodegradable nanofibers[108]. Using this approach, Tan and Lim characterized Young’s modulus 

of PLLA nanofiber (diameter 250nm-400nm)[61]. With the same method, Sung et al characterized 

the elastic modulus of TiO2 nanofiber. (diameter 50nm-150nm) [62] Recently, Yang et al 

demonstrated the bending moduli of electrospun collagen type I fibers (diameter 100-600nm) 

ranged from 1.3 to 7.8 GPa at ambient conditions and ranged from 0.07 to 0.26 MPa when 

immersed in PBS buffer.[109] Using the nanoscale three-point bending test, Ding et al found that 

the elastic modulus of nylon-6/SiO2 nanofibers (diameter 100-600nm) increased with reduction of 

fiber diameters.[110] However, whether the adhesion between the sample fiber and the substrate 

is sufficient for the bending test to be conducted without slippage at the fixed ends remains as a 

problem. [111,112] In addition, there is a need to ensure that there is no indentation being made 

on the nanofiber by the AFM tip during deflection.  

Another widely used nanomechanical characterization technique is nanoindentation. 

Nanoindenation tests can be conveniently performed by simply depositing nanofibers on a flat and 

rigid substrate. Elastic properties of the material can be obtained from the indentation data. Li et 



43 
 

al performed nanoindentation on silver nanowires (diameters 42nm-4000nm) [113] and Wang et 

al indented silk fibers (diameter ~800nm) using an AFM cantilever tip.[114] Chen et al recently 

characterized the modulus of ZnO nanofibers (diameter 50-300nm) with nanoindenation approach. 

In comparison with bulk ZnO, the modulus of ZnO nanofibers demonstrates a decrease of 34%, 

which indicates the size effects of mechanical behaviors. [115] Using the same approach, Chen 

and Xu et al measured the elastic modulus of graphite nanofibers (diameter 100-300nm), which is 

88±23 GPa.[116] Although the sample preparation process is straightforward, there are several 

problems that need to be considered for the nanoindenation approach. First, the hard substrate can 

contribute to the elastic modulus if the fiber diameter is too small (<200nm). [117]  Second, fiber 

surface curvature and surface roughness has to be taken into account. Since the indentation depth 

is about the same order of the surface roughness, larger data scattering is reported using the 

nanoindenation approach. [118,119]  

Recently, Yuya et al reported a technique for measuring Young’s modulus of a single electrospun 

nanofiber using the resonant frequency shift resulting from the nanofiber, which is coupled with 

micro cantilevers. This approach gave a modulus of the as-spun PAN nanfiber (diameter ~200nm) 

of 26.8 GPa. [120] Using the same approach, Zussman et al measured the modulus of PAN-derived 

carbon nanofibers (diameter 100-200nm), which ranged from 53.5GPa to 69.8 GPa. [121] 

Similarly, Amrinder measured Young’s modulus of suspended PMMA nanofibers (diameter 500-

8000nm) from experimentally obtained resonant peaks and the values were found to agree with 

the literature values (2-3.5GPa). [64] 
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Mechanical properties of single polymer nanofibes were related to the polymer chain 

conformations within the fiber. Polymer chain conformation in nanofibers were examined using 

X-ray analysis and selected area electron diffractions. Arinstein et al argued that as the scale of 

supramolecular structures (orientated fragments of polymer chains) in the amorphous part of the 

nanofibers is comparable to the nanofiber diameter, a noticeable variation in mechanical properties 

can be expected. [122]Liu et al reported the confinement effect of fiber diameters on semicrytalline 

polymers. They report that the moduli of PEVA fibers increases with deceasing diameter, with the 

onset at ~10m. [123]  Zhang et al observed enhanced crystallinities within PLLA nanofibers 

(diameter 300-500nm) spun at elevated take-up velocities and they reported an optimum take-up 

velocity to achieve PLLA nanofibers of high tensile strength. [124] Campseo et al investigated the 

spatial variation of polymer density with an electrospun nanofiber using near field optical 

measurements. A dense internal core with higher Young’s modulus was found to embed in a less 

dense shell, which has lower Young’s modulus. [125] 

 

By far, varied approaches have been developed to characterize single nanofibers. However, 

achieving solid boundary conditions for these nanofibers usually involves micromanipulation 

within SEM/TEM, which limits their application to conducive materials. A simple approach to 

prepare large amount of single polymeric nanofibers with solid boundary conditions is highly 

desirable. Also, an effective nanofiber deformation strategy with simple mechanic model would 

greatly facilitate the mechanical characterization process.  
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In this study, we report an integrated approach to conveniently deposit and mechanically 

characterize single polymer nanofibers based on a recently reported sequential STEP technique. 

The STEP technique provides unique control on nanofiber i) boundary conditions, ii) alignment, 

iii) diameter (sub 100nm to microns). By laterally deflecting the single suspended nanofibers, both 

Young’s modulus and break strength of nanofibers were obtained. Polymer chain orientation was 

investigated for both as spun and deformed nanofibers. 

4.2 Experimental Section  

 

Figure 4.1 (A) A typical LFM voltage vs displacement curve, (B) a lateral friction curve from 

the slop of which, the sensitivity of cantilever was calculated. Insert in (B) demonstrates the 

determination of the curve slope. 
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Solution preparation: All chemicals were used as received without further purification. Polystyrene 

(PS) of several molecular weights (Mw) (860K, 1500K, and 2000K g.mol-1, Polymer Scientific, 

USA) were dissolved at room temperature in p-xylene at varying concentrations for one week prior 

to experiments.  

 

Single suspended  nanofiber deposition: A glass micropipettes with few micrometers in tip 

diameter are pulled in a pipette puller (P-1000, Sutter Instruments) and fixed perpendicular to a 

TEM grid which is moved by a motorized XYZ nano-positioner (VP24-XA, Newport). Polymer 

solution was pumped through the micropipettes and form a pendent solution droplet. By moving 

the micropipette across the TEM grid at a constant speed, solid polymer fibers were obtained on 

the TEM grid.   

 

LFM Characterization: Force curves were obtained using a Dimension Icon Multimode AFM 

(Burker, CA, USA) operated in contact mode.  DNP S-10 cantilevers (stiffness 0.17-0.7N/m) were 

utilized to deflect suspended fibers and the spring constants were calibrated every time before use. 

The lateral stiffness of the cantilever was determined from the normal stiffness and the cantilever 

geometry. [126] A silicon substrate was used to calibrate the sensitivity of the cantilevers.[127] 

The lateral displacement of the cantilever was controlled within the range 20m-200m. In the 

experiment, the signal obtained is LFM voltage (as shown in Figure 4.1 (A)), which needs to be 

converted to forces using the following equation  [126]: 

Voltage(V)
Force(N) cantilever lateral stiffness(N/m)

Sensitivity(V/m)
                            Eq 4.1   

To obtain the sensitivity of the cantilever, the cantilever was engaged onto a flat silicon wafer 

surface and laterally moved to obtain a friction curve as shown in Figure 4.1 (B).  The cantilever 
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sensitivity was obtained from the slope of the friction curve. The lateral stiffness of the cantilever 

was obtained through [127,128]: 

2

2 2

2

6cos 3(1 )sin
lat n

L
K K

H  

 
  
     

                                                         Eq 4.2  

Where latK is the lateral stiffness of the cantilever,  is the Poisson’s ratio of silicon 0.5, L , and 

H  are geometric dimensions of the cantilever, which are obtained from the manufacturers, nK

is the normal stiffness of the cantilever, which is obtained through thermal tuning.    

To deflect the fibers using LFM, it is necessary to locate the positions of individual fibers on the 

TEM grid. TEM images were taken at low magnifications (1000-2000 magnification) to obtain the 

fiber position maps on the TEM grid. The TEM grid was then mounted on a titled epoxy block 

(the tilting angle is controlled ~30-45°) as shown in Figure 4.2 (A). The AFM cantilever was first 

engaged on the TEM grid and then lifted for 5 microns using the step motor control and positioned 

near the middle of the fiber as shown in Figure 4.2 (B). It is necessary to title the sample at angle 

and lifted the cantilever after engagement so that the cantilever will not make contact with the 

 

 
Figure 4.2 Schematic Illustration of LFM process. (A) A TEM grid sample was mounted on a 

tilted epoxy block. (B) An AFM cantilever was brought to the vicinity of the fiber and deflect 

the fiber in lateral direction.   
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TEM grids during lateral movement. By moving the cantilever laterally, LFM voltage vs 

displacement curves can be obtained as shown in Figure 4.1 (A), which can be converted to force 

vs displacement curves using equation 4.1 and 4.2.  

Three point bending test:  

 

In our study, three point bending tests were conducted to obtain the stiffness of suspended 

nanofibers. As shown in Figure 4.3 (A), a tipless AFM cantilever with known stiffness (calibrated 

through thermal tuning) was engaged at the middle of a suspended nanofiber. The deflection of 

the fiber can be controlled through the ramping size (100 nm to 3.5 m). Cantilever deflection vs 

 

 
Figure 4.3 Three point bending test. (A) Schematic illustration of the three point bending test. 

(B) A typical force vs deflection curve obtained from three point bending test. (C) Stiffness 

variation along the length of a suspended nanofiber with diameter ~200nm.  

 

 

(B) 
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cantilever displacement curves can be obtained. The cantilever deflection can be converted to 

forces using the cantilever stiffness while the fiber deflection was obtained through: 

Fiber Deflection = Cantilever Displacement -Cantilever Deflection                          Eq 4.3 

Therefore, typical force vs fiber deflection curves can be obtained as shown in Figure 4.3 (B). By 

deflecting the fibers at different locations, the stiffness along the fiber can be obtained. Figure 4.3 

(C) demonstrate the stiffness variation along a 200nm diameter fiber with 320m suspended 

length. 

 

 

 

 

Figure 4.4 (A) Illustration of the single nanofiber deposition process, (B) TEM images of 

single suspended nanofibers on a TEM finder grid. 
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Electron Microscope: For SEM (Zeiss, Leo 1550) analysis, the samples were placed on gold-coated 

stubs and sputter coated. The morphology and selected area electron scattering (SAES) of single 

PS fibers were obtained using a TEM (Philips, EM420).  

4.3 An Integrated Single Nanofiber Mechanical Characterization Approach  

As shown in Figure 4.4 (A), to deposit aligned single nanofibers, polymer solution is pumped 

through a glass pipette (inner diameter~20m), which is fast moved across a TEM grid. As the 

polymer solution droplet makes contact with the TEM bars, aligned suspended nanofibers are 

formed. By repeating this process, multiple aligned fibers can be achieved on one TEM grid. 

Through manipulating the translation speed of the glass pipette and the polymer solution 

concentration, a wide spectrum of fiber diameters can be achieved as shown in Figure 4.4 (B). 

 

 

Figure 4.5 (A) Illustration of lateral deflection of a single suspended nanofiber using an AFM 

cantilever, (B) Illustration of the integrated approach for single nanofibers deposition and 

mechanical characterization. 
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[44]Note that suspended nanofibers are found to physically stick to the TEM bars at both ends, 

thus establishing fixed-fixed boundary conditions.  

 

In order to deform the single suspended nanofiber, an AFM cantilever with known stiffness is 

brought to the vicinity of the midpoint of nanofiber and then move laterally to deflect the nanofiber, 

as shown in Figure 4.35 (A). Since there is no restriction in the lateral direction and the suspended 

fibers have fixed-fixed boundary conditions, large deformation can be achieved, which affords us 

the opportunity to detect the single nanofiber break strength. Figure 4.5 (B) demonstrates the 

typical process of our integrated approach for single polymer nanofiber mechanical 

characterization: (i) multiple aligned suspended nanofibers were deposited on the TEM grid with 

fixed-fixed boundary conditions, (ii) the single suspended nanofiber was laterally deflected using 

an AFM cantilever and the force-deflection curve is recorded (iii) SEM images were taken after 

the fiber deflection to determine the fiber dimensions.  

4.4 Modulus and Strength of Single Polymer Nanofibers  
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By laterally deflecting a single suspended nanofiber, a force-deflection curve can be achieved, the 

 

 

 

 

Table 4.1 Mechanical Properties of single PS nanofibers 

PS fibers Slope (GPa) Modulus (GPa) Intercept (MPa) Tensile Stress (MPa) 

2M 10.07 1.07 14.91 3.95 

860k 10.08 1.07 15.34 4.07 

400k 10.03 1.06 15.08 4.00 

Table 4.2 Stiffness of a 90nm diameter PS fiber 

D (nm) E(GPa) L (m) k (N/m) k/kapp kT (N/m) kT/kapp 

90 1.07 60 4.94E-6 0.002 0.0025 0.998 

 

 

 

 

Figure 4.6 (A) Force deflection of a single PS nanofiber with diameter 90nm. (B) Product of 

apparent stiffness kapp and L/D2 of PS nanofibers as a function of (D/L)2. 
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slope of which gives the apparent stiffness value 
appk of the nanofiber, as shown in Figure 4.6 (A). 

As proposed by Caenot et al, the apparent stiffness value of a nanofiber/nanowire can be expressed 

as[129]:  

3

192 24

5
app T

EI T
k k k

L L
                           Eq 4.4 

Where k and Tk are contributions of structure stiffness and tension in the fiber respectively. We 

assume the tensile stress, which developed during manufacturing process, is uniformly distributed 

across the cross-section of the fiber and Eq 4.4 can be written as:   

2 2 6
/ 3 ( )

5

R
app

D
k L D E

L


                      Eq 4.5    

Where D is the fiber diameter and R is the tensile stress. Reporting apparent modulus appk

multiplied by 2/L D  versus geometrical parameter 2( )
D

L
 give a linear relation, as shown in Figure 

4.6 (B), which allows the determination of elastic modulus E and tensile stress R (summarized 

in Table 4.1), as the slope is proportional to the elastic modulus E and non-zero intercept is 

proportional to the tensile stress
R . Note that the determined elastic modulus of PS nanofiber is 

1.07GPa, which is comparable to the bulk material and more than 99% of the stiffness of the 

suspended fiber is dominated by the tensile force, as demonstrated in Table 4.2. 

To detect the effect of reducing fiber diameter on fiber mechanical properties, the modulus and 

tensile stress of PS fibers were obtained at different diameter ranges as shown in in Figure 4.7. It 
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was found that PS fibers demonstrate almost constant modulus (~1GPa) and tensile stress (~4MPa) 

 

 

 

 Figure 4.7 Product of apparent stiffness kapp and L/D2 of PS nanofibers as a function of 

(D/L)2 for different diameter ranges (A) 300-600nm, (B) 100-300nm, (C) sub 100nm. 
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as fiber diameters reduce. (Table 4.3 and Table 4.4) 

 

 

 

 

 

 

 

 

 

Table 4.3 Summary of PS fiber modulus in different diameter ranges  

Diameter Range 
 

                                                    Modulus (GPa)  

2M 860K 400K 

300-600 nm 1.06 1.12 1.17 

100-300 nm 1.01 1.00 1.00 

Sub 100 nm 1.06 1.10 1.13 

 

Table 4.4 Summary of PS fiber tensile stress in different diameter ranges 

Diameter Range 
 

                                                   Tensile Stress (MPa)  

2M 860K 400K 

300-600 nm 4.06 3.96 3.93 

100-300 nm 4.10 4.03 3.96 

Sub 100 nm 4.06 3.99 3.94 

 

 

 

Table 4.3 Summary of PS fiber modulus in different diameter ranges 

Figure 4.8 Force vs displacement curves for 2M PS fibers at different strain rate (2Hz, 0.5Hz 

and 0.1 Hz) 
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Figure 4.8 Force vs displacement curves for 400k PS fibers at different strain rate (2Hz, 

0.5Hz and 0.1 Hz)   

 

Figure 4.9 Force vs displacement curves for 400k PS fibers at different strain rate (2Hz, 

0.5Hz and 0.1 Hz) 

 

Figure 4.10 Force vs displacement curves for 860k PS fibers at different strain rate (2Hz, 

0.5Hz and 0.1 Hz) 
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Figure 4.9 (A) PS (2M, 860k and 400k) fiber modulus obtained at different strain rate, (B) PS 

fiber tensile stress obtained at different strain rate.  

Figure 4.11 (A) PS (2M, 860k and 400k) fiber modulus obtained at different strain rate, (B) PS 

fiber tensile stress obtained at different strain rate. 
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As summarized in Figure 4.8-Figure 4.10, PS fibers made from different molecular weights (2M, 

860k and 400k gmol-1) were tested at varied strain rate ( 2Hz, 0.5Hz and 0.1Hz). As summarized 

in Figure 4.11, the strain rate and molecular weight variation does not produces significant 

difference in PS nanofiber modulus and tensile stress.  (See Appendix C) 

The tensile force in the fiber can be back calculated from the stiffness: 

3

192 5
( )

24
app

EI L
T k

L
                                                                      Eq 4.6             

As summarized in Figure 4.10, for all three molecular weights of PS fibers in this study, the tensile 

force in the fiber scale with the fiber diameter, specifically, tension scales with the square of the 

fiber diameter. (see Appendix D) The tensile force is proportional to the cross-section area of the 

fiber, which verifies our assumption that the tensile stress is uniformly distributed across the cross 

section area of fiber.  

 

 

Figure 4.10 Tensile force vs Fiber diameter relation for PS fibers (2M, 860k and 400k).  Figure 4.12 Tensile force vs Fiber diameter relation for PS fibers (2M, 860k and 400k). 
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To detect the polymer chain orientation in single polymer nanofibers, selected area electron 

scattering (SAES) were taken from the suspended PS fibers. (Figure 4.13)  Isotropic scattering 

patterns were obtained for both 50nm and 500nm diameter PS fibers, indicates the absence of chain 

orientation in PS nanofibers.From the SAES patterns (Figure 4.14), we have short order distance 

of 1.4 A and 2.5 A , which are contributed by intramolecular correlations of polystyrene. [130,131] 

Polymer chain orientation along fiber axis have been reported for electrospun nanofibers. 

[29,132,133] In particular, as the fiber collecting speed increases (usually reported as the rotating 

speed of the collector), polymer chain are preferably oriented along fiber axis. The orientation 

mechanism is related to the shear stress experienced by the polymer chains as the solution jet 

elongates during the trajectory. [134,135] In our study, the translation speed of the glass pipette is 

in the range of 1-7mm/s, which is much slower than the reported fiber collecting speed (30-100m/s) 

in electrospinning. Thus, it is possible that the absence of chain orientation in PS fibers is related 

 

Figure 4.11 TEM images, SAES patterns and intensity versus azimuthal angles plot of  a 

40nm diameter PS fiber (A)-(C) and a 500nm diameter PS fiber (D)-(F). 

Figure 4.13 TEM images, SAES patterns and intensity versus azimuthal angles plot of  a 

40nm diameter PS fiber (A)-(C) and a 500nm diameter PS fiber (D)-(F). 
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to the slow elongation process, which leave the polymer chains enough time to relax during the 

elongation process.  

 

In contrast with the as spun fibers, chain orientation was detected in deformed fibers. As shown in 

Figure 4.15, after a PS fiber was plastically deformed up to elongation ~ 60%, an obvious necking 

portion was observed. SAES patterns were taken along the fiber axis, revealing that chain 

orientation occurs in thick portion (orientation factor f = 0.28), transition portion ( f = 0.33) and 

necking portion ( f =0.68) respectively. Similar strain induced polymer chain orientation has been 

also been reported in bulk materials.  [136,137]  

 

Figure 4.14 Electron Diffraction pattern of polystyrene. Short order distance d1=1.4A, 

d2=2.5 A . 
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On the other hand, less pronounced chain orientation was observed on nanofibers deformed to 20% 

elongation, as shown in Figure 4.16. The chain orientation factor f is in the range of 0.14 - 0.17.  

If a crystalline polymer instead of PS is drawn with the same method, highly oriented internal 

structures may be formed, which is a future work. 

 

 

 

Figure 4.13 (A) TEM image of a plastically deformed fiber. Inserts i, ii, iii are SAES patterns 

taken on thick portion, transition portion and necking portion of the fiber respectively. 

(B)Intensity versus azimuthal angle plot for portion (i)-(iii) in (A).  

 

Figure 4.15 (A) TEM image of a plastically deformed fiber. Inserts i, ii, iii are SAES patterns 

taken on thick portion, transition portion and necking portion of the fiber respectively. 

(B)Intensity versus azimuthal angle plot for portion (i)-(iii) in (A). 
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Single Nanofiber strength was calculated based on the breaking force as shown in Figure 4.15 (A) 

(B), using the equation:  

2( ) / ( )
2cos 4

break R

F
D


 


                                                               Eq 4.7 

As fiber diameters decrease from 150nm to 50nm, the break strength of single nanofiber 

demonstrates an increase of 300MPa, as shown in Figure 4.17 (C). A similar trend of the strength 

enhancement with decreasing fiber diameter has been reported for gold nanowires. [138,139] 

m), the enhancement in break strength 

 

Figure 4.16 TEM images, SAES pattern and intensity versus azimuthal angles plots of deflected 

PS fibers (~20% elongation): (A)-(C) a deformed 2M PS fiber, chain orientation factor f =0.16, 

(D)-(F) a deformed 860k PS fiber, chain orientation factor f  =0.14, (G)-(I) a deformed 400k PS 

fiber, chain orientation factor f =0.17. 
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could possibly be attributed to the reduction of the defects contained in the fiber. Note that there 

is no significant difference among PS nanofibers made from different molecular weights.  

The strength of a fiber is determined by the most severe flaw, so the fiber fails when the weakest 

point in the fiber fails. This behavior is usually modeled by a two-parameter Weibull distribution:  

0

( ) 1 exp[ ( ) ]
f

fF 





                                         Eq 4.8 

 

Figure 4.15 (A) Illustration of single nanofiber break by lateral deflection. (B) A force-

displacement a single nanofiber break process. (C) Single fiber break strength as a function of 

fiber diameter. 

Figure 4.17 (A) Illustration of single nanofiber break by lateral deflection. (B) A force-

displacement a single nanofiber break process. (C) Single fiber break strength as a function of 

fiber diameter. 
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Here, f is the fail strength of a nanofiber, ( )fF  is the probability of fail. The single fiber strength 

for 80-100nm diameter fibers and 500nm diameter fibers was summarized respectively in Table 

4.5 and Table 4.6. The Weibull distribution is depicted by two parameters: 0  (the characteristic 

strength) and  (the Weibull Modulus), both of which can be obtained from a linear regression as 

shown in Figure 4.18 (A).  

Table 4.5 Summarization of single PS fiber strength with diameter about 500nm.  

No Diameter (nm) Strength (MPa) No Diameter (nm) Strength (MPa) 

1 474 12.6 12 470 19.2 

2 498 13.1 13 476 19.9 

3 597 14.1 14 472 21.1 

4 527 14.3 15 533 21.7 

5 507 16.9 16 590 22.5 

6 544 17.2 17 486 24.3 

7 585 17.3 18 482 25.8 

8 540 17.4 19 479 27.7 

9 492 18.5 20 464 29.4 

10 509 18.6 21 580 17 

11 510 19 22 485 24.1 
 

Table 4.6 Summarization of single PS fiber strength with diameter ranging from 80-100nm. 

No Diameter (nm) Strength (MPa) No Diameter (nm) Strength (MPa) 

1 94 95 13 80 225 

2 98 105 14 105 227 

3 98 126 15 85 229 

4 99 136 16 86 239 

5 85 141 17 96 247 

6 105 145 18 80 249 

7 86 180 19 103 254 

8 88 186 20 79 269 

9 86 196 21 89 282 

10 89 204 22 79 284 

11 95 207 23 91 334 

12 101 210    

 

Table 4.5 Summarization of single PS fiber strength with diameter about 500nm. 
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The linearity of the plot demonstrates the validity of the Weibull model (confidence intervals 

R2=0.93). The Weibull modulus  reflects the defects distribution within the fiber. Higher values 

of  indicates that defects are evenly distributed through the materials while low value of 

indicates a diverse population of flaws in size and location. In our study,  the Weibull modulus 

(5.3 and 3.7) values is larger than reported values of electrospun nanofibers, [99,140] and 

comparable to carbon fibers. [141,142] The Weibull modulus indicates a relatively evenly 

 

Figure 4.16 (A) Single fiber strength distribution for fibers with diameter about 500nm, (B) 

single fiber strength distribution for fiber with diameter in the range of 80-100nm.  

Figure 4.18 (A) Single fiber strength distribution for fibers with diameter about 500nm, (B) 

single fiber strength distribution for fiber with diameter in the range of 80-100nm. 
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distributed flaws in the PS fiber, which can be attributed to the slow fiber drawing process and the 

resultant homogenously distributed molecular entanglement density in the PS nanofibers.  

4.5 Nanofiber Yarn Strength Prediction  

 

Figure 4.17 (A) Yarn strength as a function of twisting angle based on model calculation. 

Yarn strength is normalized to the bundle (twisting angle 0°).  (B) Experimental results of 

yarn strength with different twisting levels. 

 

Figure 4.19 (A) Yarn strength as a function of twisting angle based on model calculation. 

Yarn strength is normalized to the bundle (twisting angle 0°).  (B) Experimental results of 

yarn strength with different twisting levels. 
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In our study, 500nm diameter PS nanofibers were incorporated into yarns with exactly controlled 

twist angles. The yarn strength was predicted using an established model[143,144]:  

1/( ) exp( 1/ )y q f cV l                                                       Eq 4.9  

 

Figure 4.20 SEM images of cross-sections of (A) 6°, (B) 15°, (C)21° and (D) 32° yarns. Scale 

bars represent 2 m in inserts. 

 



68 
 

Where
y is normalized yarn strength, ƞq is the orientation factor of fibers in the yarn, Vf is the 

fiber volume fraction of the yarn, lc is the critical fiber length which relate with fiber interactions 

within the yarn, and α, ß are Weibull distribution parameters obtained from single fiber break 

experiments. Yarn twists provide increased inter-fiber friction, enhanced fiber volume fractions 

and decrease the overall orientation of the fibers. According to the perdition of this model, there 

is an optimal twisting angle (~30°) as shown in Figure 4.19 (A), beyond which the yarn strength 

will decrease. However, the optimal twist angle turns out to be ~21° in experiment, as shown in 

Figure 4.17 (B). SEM images of the yarn cross sections reveals that fibers at the center the yarn 

tends to fuse together under the lateral pressure in the yarn, which is scaled with the twisting 

level.(Figure 4.20).  The significant fiber fusion at high twisting level (twist angle 21°and twist 

angle 32°) may leads to decreased yarn strength and account for the discrepancy between the 

prediction and the experiment results.   

 

4.6 Conclusion 

In conclusion, an integrated approach for single polymer nanofiber mechanical characterization 

has been developed, which offered a unique platform to investigate single nanofiber modulus and 

strength. Single PS fibers manufactured using the sequential STEP technique demonstrate 

comparable modulus with bulk material. Significantly increased strength with decreasing fiber 

diameters were observed.  Macromolecule chain orientation was accompanied with large fiber 

deformation at high strain rate. The single nanofiber strength can be depicted by a two parameter 

Weibull distribution and used in yarn strength prediction.  
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Chapter 5 Biological Applications of Hierarchical Nanofiber 

Assemblies   

5.1 Introduction  

A large number of studies using flat or gel culture systems have highlighted the role of extrinsic 

biophysical cues from the surrounding extra-cellular matrix (ECM) on cellular 

interactions.[145,146] Topographic reactions of cells to micro-meter range features such as wells, 

islands, and pillars have been intensively investigated based on micro-patterned approaches.[147] 

It has been shown that cell shape, position and function can be regulated by attachment of cells on 

engineered substrates coated with different density of ECM.[148,149] However, cells require a 

full description of 3D nanofibrous ECM to maintain their phenotypic shape and establish 

behaviour patterns. Recently, electrospun nanofibrous scaffolds have been successfully produced 

from both synthetic and natural polymers with diameter ranging from nanometer to 

micrometers.[91,150] Cell studies on these scaffolds have revealed that cell attachment and 

spreading is affected by nanofiber diameter and scaffolds porosity.[151,152] However, the role of 

suspended fiber spacing, orientation and fiber stiffness in influencing cell behavior has yet to be 

demonstrated. Cells on suspended fibers react to mechanical cues by wrapping around the 

suspended fibers, which has been shown by us to elicit different cell behaviors.[14–16,153,3] 

Suspended cell-fiber culture systems afford a wide parametric investigation of the role of 

biophysical cues on cellular interactions. In this study, we present the development of hierarchical 

nanofiber assemblies as a platform technology to control cell attachment and spreading and 

investigate the “inside-out” cell forces.  

5.2 Experimental Section 
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Cell culturing: STEP scaffolds were mounted on to glass-bottom six-well plates (MatTek Corp., 

Ashland, MA). Fiber scaffolds were sterilized by adding 2 ml 70% ethanol for 10 min, then coated 

in 2 g.ml-1fibronectin (Invitrogen, Carlsbad, CA).[15,16] C2C12 mouse myoblasts (American 

Type Culture Collection, Manassas, VA) were cultured in Dulbecco’s Modified Eagle Medium 

(DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin 

(HyClone Laboratories, Logan, UT). Cells were seeded onto the fiber scaffolds via 30 l droplets 

at a concentration of 100,000 cells ml-1 and incubated at 37 °C and 5% CO2. Cells were then given 

2–6 h to attach onto the nanofibers. After 1 hour of seeding, 2 ml of medium was added to each 

well.  

 

Fluorescence microscopy: C2C12 mouse myoblasts were stained for F-actin stress fibers, focal 

adhesions and the nucleus. Cells were fixed in 4% paraformaldehyde, permeabilized in a 0.1% 

Triton X100 solution and blocked in 10% goat serum. Primary goat antipaxillin antibodies 

(Invitrogen) were diluted 1:250 and incubated at 4C° for 1 h. Secondary goat anti-rabbit antibodies 

conjugated to Alexa Fluor 488 (Invitrogen) were then added along with a 1:100 dilution of 

rhodamine phalloidin (Santa Cruz Biotechnology, Santa Cruz, CA) and placed at room 

temperature for 45 min and protected from light. DAPI counterstaining was performed by adding 

300 nM DAPI (Invitrogen) for 5 min. The substrates were then rinsed with PBS and observed 

using Zeiss microscope. Fiber scaffolds were kept hydrated in 1 ml phosphate buffered saline 

(PBS) during imaging.  
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Caspase-3/7 studies: In our experiment, cell apoptosis is induced by altering the ambient CO2 

concentration from 5% to 0%, which resulted in media pH 8.4. Using this approach, MSCs are 

subjected to alkaline stress, which triggers a caspase dependent apoptotic pathway. To characterize 

caspase-3/7 activities, MSCs were stained by Caspase-3/7 Green Detection Reagent (Life 

Technologies, Grand Island, NY) at 2.5 ml/ml concentration for 30 minutes. Apoptotic cells with 

activated caspase-3/7 will have bright green nuclei, while cells without activated caspase 3/7 will have 

minimal fluorescence signal. 

 

Statistical Methods:  Statistical analysis and graphing were performed using GraphPad software.  

One way ANOVA testing with Tukey post testing comparing all pairs of data sets was performed.  

Column graphs are presented with standard error bars. 
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Figure 5.1 STEP capability in achieving control in single and double layer structures. (A-D) 

Arrays of 8000, 500, 150 and 30nm diameter PS fibers, (E) relative angles between adjacent 

fibers, (F) fiber spacing variation. Each data point in (E) and (F) is averaged averaged over 30 

measurements, (G) (i-iii) schematic illustrations of achieving interlayer angle (α12) in double layer 

structures, (H-J) SEM images of PS double layer structures with interlayer angle 15°,30°and 45° 

respectively, (K-M) orthogonally deposited PS double layer structures with unit cell size of  

16×16 µm2, 5×2 µm2 and alternating  5×2 µm2 and 5×10 µm2. Wang et al, Langmuir, 2014, 30. 

Used with permission of American Chemical Society, 2015.  
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5.3 Hierarchical Nanofiber Assemblies as Biological Scaffolds  

The fiber spacing is controlled by adjusting the translation speed according to 

( 1)tV d RPS L RPS                                                    Eq. 5.1 

Where tV  and RPS  are the translation and rotation speed of the substrate, d  is the fiber diameter 

and L  is the fiber spacing. As shown in Figure 5.1 (A)-(D), for both micro and nanofibers the 

inter-fiber spacing can be accurately controlled. The relative angels between adjacent fibers and 

spacing variation are well controlled (Figure 5.1 (E) and (F)).  

Double-layer structures were obtained by depositing fiber arrays on the previously deposited layer. 

Angles between two layers can be altered from 0° to 90° by rotating the substrate as shown in 

Figure 5.1 (G) i-iii, which, when coupled with the ability to control spacing between consecutive 

fibers, enables a bottom-up assembly environment with fibers serving as 1D building blocks. As 

shown in Figure 5.1 (H-K), PS nanofibers were deposited in double layer configurations and the 

angle between two layers (α12) varied from 15° to 30°, 45° and 90°. By adjusting Vt in both 

directions, unit cell size was varied from 16×16 m2 (Figure 2(K)) to 5×2 m2 (Figure 5.1(L)) and 

alternating 5×2 m2 and 5×10 m2 unit cells within the same architecture (Figure 5.1 (M)). 

Using STEP, there is potentially no limitation on the numbers of layers that can be stacked on top 

of each other and the architectures of each layer (fiber material, diameter and conformation) can 

be customized as required. However, not unique to only STEP, but also to other fiber 

manufacturing platforms, challenges in deposition of fragile nanoscale fibers of substantial lengths 

at sub-micron spacing will need to be overcome to realize a complete hierarchical assembly design 

space.  
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For tissue engineering applications, such as organ regeneration and wound healing, it is highly 

desirable to control both cell densities and cell spread areas.[154] To achieve this goal, hierarchical 

nanofiber assemblies with varied porosities were prepared. As shown in Figure 5.2 (A) and (B), 

spacing between PS supporting fibers (diameter~ 5 m) were maintained at 80 m while 4 

different conformations of PS nanofibers (diameter~300 nm) were incorporated into these 

structures, including single layer (0°) with small and large fiber spacing (SS and SL), double layer 

(90°) with small and large spacing (DS and DL), with small and large spacing to be ~5 and 20 µm 

respectively. Figure 5.2 (C) and (E) demonstrate that as pore size reduces in the architecture, more 

cells were observed to attach (cell density increased from ~14000/cm2 to ~56000/cm2), allowing 

cell density to be effectively regulated by the pore size. On the other hand, with pore size becoming 

smaller, more nanofibers were incorporated into the scaffolds, which increase cell-fiber assembly 

contact points, thus directly affecting focal adhesion arrangement. In our study, the C2C12 mouse 

myoblast spread area on suspended nanofibers was found to be less than 800 m2 (Figure 5.2 (F)), 

which is smaller than the values reported by flat substrate studies (>1000 m2).[146,155] Note that 

suspended nanofibers used in this study are more compliant compared with flat glass or plastic 

surfaces, thus, our results support the concept that cells respond to increased compliance by 

reducing spread areas.[156] More importantly, it was found that crisscross (DL and DS) nanofiber 

scaffolds significantly enhanced the cell spreading (cell spread area ~700 m2) compared to the 

single layer (SL and SS) scaffolds (cell spread area ~400m2), as shown in Figure 5.2 (D) and (F). 

This observation indicates that cell spread area can be adjusted by design of the scaffold 

architectures.  
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Figure 5.2 (A1-A5) Schematic illustration of varied hierarchical architectures: (A1) control, 

(A2) control supported single layer nanofiber with large spacing (SL), (A3) control 

supported double layer with large spacing (DL), (A4) control supported  single layer with 

small spacing (SS), (A5) control supported double layer with small spacing (DS), (B1-B5) 

fluorescent images of control, SL,DL, SS,DS respectively with microscale fibers stained in 

red and nanoscale fibers stained in green, (C-D) fluorescent images of C2C12 mouse 

myoblasts, showing (C1-C5) nucleus (blue), (D1-D5) F-actin (red) attached to control, SL, 

DL, SS, DS structures respectively,(E-F) cell density and cell area on different hierarchical 

architectures ±SE. * shows statistical significance (for cell density P<0.05, n=60/category, 

for cell spread area P<0.01, n=60/category). Scale bars represent 50 m in panel B-C and 

20 m in panel D. Wang et al, Langmuir, 2014, 30. Used with permission of American 

Chemical Society, 2015.  
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5.4 Cell Force Estimation Based on Nanofiber Nets  

Stem cells possess the unique ability to self-renew and differentiate into a number of committed 

lineages. [157–160] Consequently, they have become a tremendously impactful resource for 

regeneration of aged, injured and diseased tissues. Mesenchymal stem cells (MSCs) has wide 

lineage portfolio and inherently contains the ability to specialize into  different cell types such as 

myoblasts, chondrocytes, osteoblasts, and adipocytes in response to external chemical and physical 

cues.[161–164] Breakthroughs in the past decade have highlighted the role of physical cues on 

MSCs.[165–167] Pioneering work by Engler and Discher demonstrated that in the absence of 

chemical cues, matrix stiffness (Pa) could present strong enough influence to drive MSCs 

specification, with soft surfaces (<1 kPa) producing neurons, medium stiffness surfaces (~10 kPa) 

producing muscle, and stiff surfaces (>100 kPa) producing bone.[168] To sense the biophysical 

environment, cells need to generate forces to deform the extracellular matrix (ECM). Cellular 

forces in nature are ubiquitous and contribute directly to cell behavior and fate.  

 

Figure 5.3 (A) A SEM image of fused nanofiber networks, (B) a florescent image showing 

the nanofibers is deflected by a single cell.  

Figure 5.3 (A) A SEM image of fused nanofiber networks, (B) a florescent image showing 

the nanofibers is deflected by a single cell. 
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Forces exerted by single cells can range from pico Newtons to micro Newtons.[169–171] The 

prevailing approach for measuring cellular forces involves placing them on substrates that contain 

deformable objects.[172–174] As long as the deformation can be reliably measured, forces can be 

back-calculated. This approach has taken on several different forms in recent years, including 

traction force gels and micropillar arrays. Thin polymer gels will wrinkle when cells exert forces 

on the surface during cell migration.[175–177] Resolution can be improved by embedding 

fluorescently-traceable microparticles into the gels which are displaced when the cell deforms the 

gel surface.[178,179] Micropillar arrays have also become a widely-used method of measuring 

cell contractile forces. Cells seeded on these substrates form adhesions at the tops of several pillars 

and deflect them as they generate migration/contraction forces.[180,181] Pillar height and 

 

Figure 5.4 (A) Schematic illustration of the nanofiber net (i) Nanofiber net configuration (ii) 

MSC deflecting fibers on the nanofiber net. (B) A “Tie rod” model for MSC force calculation. 

 

Figure 5.4 (A) Schematic illustration of the nanofiber net (i) Nanofiber net configuration (ii) 

MSC deflecting fibers on the nanofiber net. (B) A “Tie rod” model for MSC force calculation. 
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diameter can be adjusted to alter the bending stiffness (N/m).So far, both approaches have provided 

important quantitative information on force distributions and has led to significant improvement 

in understanding of spatial and temporal traction response of cells. However, there are few reports 

about cell mitotic force and apoptotic force, which correspond to a rounded cell shape and a 

“transition process” between “life” and “death”. Besides, 2D gels and patterned substrates are 

unable to capture features of 3D in vivo fibrous ECM, such as fiber diameter (curvature) and 

structural bending stiffness (N/m).  

In this study, we developed suspended nanofiber networks to probe mesenchymal stem cell forces. 

Fibers possessing diameters closely resembling those of the native fibrous ECM proteins provide 

a curved surface for cell attachment and have structural stiffness (N/m) that can be tuned to 

investigate biophysical influence on cell behaviors. The suspended nanofibers cause cells to react 

to surface curvature and dimensionality that flat substrates inherently mask, thus providing a  

unique platform for investigating cellular forces and the role of matrix stiffness in MSCs division, 

migration and apoptosis. 
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Nanofiber nets are achieved by fusing nanofiber arrays with microfibers at the intersections, as 

shown in Figure 5.3 and Figure 5.4. The diameter, suspended length and spacing between 

nanofibers are precisely controlled. With known mechanical properties of the polystyrene 

nanofibers (Young’s modulus ~1 GPa, tensile stress in the fiber~ 4.1MPa), the fiber stiffness can 

be varied through adjusting fiber diameter and suspended length. In our current study, the fiber 

 

Figure 5.5 (A) A single fiber deflection with L=330m, d=300nm, ϴ=40°, P1=18nN, 

P2=22nN. (B) MSC contractile forces as a function of local stiffness, N=100. 
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stiffness is varied from 1nN/m (corresponding to dia~150nm, length~300m) to 300nN/m 

(corresponding to dia~1000nm, length~50m), which is comparable to the stiffness range 

 

achieved by micropillar arrays approaches.[145,182] By controlling fiber dimensions, the fiber 

stiffness can be varied within a wide range of three orders of magnitude. Note that it is convenient 

for us to achieve nanofibers with stiffness less than 1nN/m by further increasing the fiber length 

or decreasing the fiber diameter.  

Cells on suspended fibers form physical contacts with the fiber through which cells apply 

contractile loads and deflect the fiber. The mesenchymal stem cells were assumed to exert 

contractile loads through focal adhesions, which locate at both edges of the cell. For cell force 

calculation, we use the “tie rod” model as shown in Figure 5.4 (B). Suspended nanofibers were 

 

Figure 5.6  Force map of a single MSC (A) (B) at time t= 180mintues, (C) (D) at time t=210 

minutes.   
 

Figure 5.6 Force map of a single MSC (A) (B) at time t= 180minutes, (C) (D) at time t=210 

minutes. 
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considered as prismatic beams with “pin-pined” boundary conditions under elastic deformations. 

[183] We assume the beam is under tension which develops during manufacturing process. With 

these considerations, the cell contractile forces P1 and P2 are back calculated by solving the 

following equations: 

1 1 2 2
1

sinh[ ( )] ( ) sinh[ ( )] ( )
sinh[ ] sinh[ ]

sinh[ ] sinh[ ]

P L a P L a P L b P L b
a a a a Y
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            Eq 5.3 

Where 

S

EI
 

, E , I and S are fiber modulus, second moment of inertia and tensile force in the 

fiber respectively. Y1 and Y2 are beam deflections at locations a and b, L is the length of the beam. 

As MSCs deflect single fibers, the force directions are defined along the cell body as shown in 

Figure 5.5 (A).The force-stiffness relationship is investigated as shown in Figure 5.5 (B). Two 

distinct regimes are evidenced, first an increase of the cell force with the stiffness (from 13 nN to 

230 nN for stiffness varying from 2nN/m up to 100nN/m) and then a second regime that 

corresponds to a plateau forces value ~260 nN, which signify the upper limit of the forces that 

MSCs could exert. This finding is in agreement with previous reports from Ghibaudo et al, who 

reported that there is a critical stiffness values beyond which the cell forces become saturated. 

[184]In their study, the critical stiffness value is 120nN/m for epithelial cell and 130nN/m for 

fibroblast, which is comparable to our results~100nN/m. The increase of cell force with stiffness 

within a certain region suggests that the matrix strain may be sensed by cells as tactile set point—
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cell contraction forces are regulated to achieve a certain deformation of the matrix, which is 

supported by previous studies of Discher et al.[185]  

One of the important goals in cell force study is to achieve a force map for a single cell by 

increasing the spatial force resolution. Microdimensional force sensor arrays (FSA) with large 

pillar densities and polymer gels with densely embedded beads have been used to achieve detailed 

single cell force maps. Currently, the spatial force resolution ranges from 2m to 9m depending 

on center to center distance between pillars and beads. [145,182,186] In our study, densely spaced 

nanofiber arrays (fiber spacing ~5m) have been prepared for single MSC force mapping as shown 

in Figure 5.6 (A)-(D). It was found that the largest contractile forces always localized at the edge 

of the cell, indicating that much of the mechanical work underlying cell locomotion is generated 

near the cell boundary. This observation of traction force decline with distance away from the edge 

is in agreement with previous cell force studies based on micropillar arrays.[182] In addition, we 

find that the advancing edge of the cell is always exerting larger forces than the mid body and 

posterior. Similar results have been reported by Dembo et al, who argues that the mid-body and 

posterior are more like passive structures being pulled forward by the contractions generated at the 

leading edge.[186] Note that our current spatial resolution (5m) is comparable to most micro-

pillar arrays (2-9m) and polymer gels (5m). Better resolution can be achieved by further 

reducing the fiber spacing, which is underway in STEP lab.  

Release of caspase-3 is one the most important events in the process of apoptosis through the 

mitochondrial pathway and used in our study to signify the initiation of apoptosis process. It was 

found that the activation of caspase-3 is promoted by high stiffness. As shown in Figure 5.7 (A), 
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during the CO2 deprivation, the activation of caspase-3 first starts from the MSCs located near the 

both ends of the fiber and then gradually develops toward the center of the fiber. The time needed 

to commit apoptosis is inversely scaled with the fiber stiffness and reaches a plateau value (~50 

minutes) after the stiffness value is beyond 10 nN/m (Figure 5.7 (B)).  The caspase-3 release 

profile is stiffness dependent (Figure 5.7 (C)). The caspase-3 release time is also inversely scaled 

with the fiber stiffness and demonstrate stiffness independent trend beyond 10 nN/m (Figure 5.7 

 

Figure 5.7 (A) Time lapse of caspase activation during apoptosis process.  (B) Time to commit 

apoptosis as a function of stiffness. (C) Caspase release curve at different stiffness. (D) Time 

to achieve peak caspase activity as a function of stiffness. 

Figure 5.7(A) Time lapse of caspase activation during apoptosis process.  (B) Time to commit 

apoptosis as a function of stiffness. (C) Caspase release curve at different stiffness. (D) Time to 

achieve peak caspase activity as a function of stiffness. 
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(D)). Note that our results are different from previous flat substrates based studies by Wang et al 

 

Figure 5.8 Time lapse images during cell division process showing (A) cell contract, (B) cell ball 

up, (C) cell spread and (D) cell division. (E) Forces exerted by the cell during the division process. 

Scale Bars represent 5m. 
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and Zhang et al, who report that cell apoptosis and caspase-3 release is enhanced by soft substrates. 

[187,188] 

 

 

Figure 5.9 Force evolution curves superstition during of (A) MSC division process at low 

stiffness environment and (B) MSC division process at high stiffness environment. N=20 for 

high stiffness division and N=12 for low stiffness division. 

Figure 5.9 Force evolution curves superstition during of (A) MSC division process at low 

stiffness environment and (B) MSC division process at high stiffness environment. N=20 for 

high stiffness division and N=12 for low stiffness division. 
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Temporal MSC forces during cell division were measured using the nanofiber net as shown in 

Figure 5.8 (A)-(D). At entry to mitosis, de-adhesion from the fiber allows the cells to become 

round. MSC cells experience cell contraction, mitotic rounding, spread after mitosis and cytoplasm 

division phases, which correspond to the force evolution as shown in Figure 5.8 (E). The forces 

corresponding to the mitotic rounding and cytoplasm division are found to be higher on high 

stiffness fibers, as summarized in Table 5.1. ECM stiffness was found to significantly influence 

the mitosis progress. As summarized in Figure 5.9 and Table 5.1, low stiffness leads to long cell 

division process (268.2±82.4 minutes), while higher stiffness leads to short cell division process 

(57.7 ±22.5 minutes). ECM rigidity has been reported to modulate cell growth, including 

fibroblasts, hepatocytes and stem cells. Winer et al found that human mesenchymal stem cells 

(HMSCs) halted proliferation process on soft substrates (250 Pa).[189] Ulrich et al recently 

reported the stiffest ECMs (119 KPa) support 5 folds more proliferation of glioma cells than the 

Table 5.1 Summary of the cell force evolution during division process. 

 Low Stiffness Division High Stiffness Division 

Stiffness range (nN/mm) 3.1-4.5 7.9-16.3 

Division Force  (nN) 16.0±1.9 24.6±2.7 

Mitotic Rounding Force (nN) -8.3±1.1 -9.9±0.9 

Division Time (minute) 375.0±22.2 123.5±11.3 
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softest ones (0.08 KPa). [190] One explanation to those phenotypes is that ECM stiffness can alter 

the speed of progression through the cell cycle. Our results support the concept that mechanical 

input from the ECM, which is transmitted through adhesion receptors, might activate mitogenic 

signaling pathways. [191] 

 

Cell

 

Figure 5.10 (A) A typical cell force oscillation curve during apoptosis process. (B) Force 

evolution during one period of the cell oscillation. (C) Cell shape evolution during the 

oscillation process. Scale bars in C represent 20m.  

 

Figure 5.10 (A) A typical cell force oscillation curve during apoptosis process. (B) Force 

evolution during one period of the cell oscillation. (C) Cell shape evolution during the oscillation 

process. Scale bars in C represent 20m. 
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Cell rounding is a balancing result between contractile force and expansive force. While the 

expansive force is generated by osmotic pressure and related with transmembrane ion gradients, 

 

Figure 5.11 (A) Typical apoptotic expansive force oscillation curves at different stiffness 

regions. (B) Oscillation amplitude and (C) oscillation period as a function of stiffness.  

 

 

Figure 5.11 (A) Typical apoptotic expansive force oscillation curves at different stiffness 

regions. (B) Oscillation amplitude and (C) oscillation period as a function of stiffness. 
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the contractile force is based on contractility of actomyosin cortex.  [192] During cell apoptosis 

process, oscillations in the cell force were observed, which correlated with cell shape alteration. 

(Figure 5.10). The expansive forces exerted by the cell peaks as the cell balls up and gradually 

decreases as the cell becomes spread. In our study, oscillations are observed only on cells which 

have point-like contacts with fibers, which is a result of cell rounding process. The oscillation 

disappears in spread MSCs, which forms extensive focal adhesions with fibers. The dependence 

of oscillation on the extent of adhesion suggests that there may be a signal transduction pathway 

triggered by the cell detachment. Cellular oscillation is based on the instability of the cortical layer, 

which generate contractile forces and create deformation on the cell body.  Salbreux et al proposed 

that the instability of the cortical layer is related with calcium density within the cell. [193] 

In our study, the oscillation amplitude (nN) increases with the ECM stiffness and become stable 

for stiffness >6nN/m, as shown in Figure 5.11 (A)(B). The actomyosin based rigidity sensing 

mechanism was summarized by Borau et al—softer ECM leads to shrunken and dense actomyosin 

networks, whereas stiffer ones result in heterogeneous networks with highly stretched 

filaments.[194] The plateau force value in Figure 5.11 (B) signifies the maximum force can be 

exerted by the actomyosin networks, which is independent of ECM stiffness.  Note that this plateau 

value (< 10nN) is much lower than the saturated MSC contractile force value (230nN) in Figure 

5.5 (B), which indicates the contractility of actomyosin is limited in apoptotic cells. The periods 

of the oscillation do not respond to the stiffness variation. (Figure 5.11(C)) The rounded cells 

oscillate at constant period for several hours, indicating that oscillatory behavior is a robust feature 

of rounded cells. Interestingly, we observed that roughly 60% of the oscillation cells exhibit 

blebbing, which is also a dynamic process requiring actomyosin contractility in the cortex. Most 
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blebbing MSCs have spread area less than 400m2, which is in agreement with our previous 

studies showing that blebs do not appear past a critical cellular spread area~1400 m2. [16] 

 

The cell force evolution during MSCs life cycle is summarized in Figure 5.12, which includes cell 

division, migration and apoptosis courses. In our study, cell oscillation was also observed during 

mitosis process. Higher ECM stiffness increases the magnitude of the cell force in each courses, 

more importantly, higher ECM stiffness accelerates the mitosis and apoptosis process. In other 

words, MSCs have a shorter life cycle in stiffer environment.  

5.5 Conclusion 

Suspended planar and non-planar nanofiber scaffolds with precisely controlled pore size and fiber 

orientation have been developed using STEP technique, which offers an opportunity to closely 

represent the native environments aimed at recapitulating cell behaviors in vitro. Our results 

 

Figure 5.12 Global MSC force evolution curves during life cycle. 
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demonstrate that changes spacing and orientation of suspended fibrous hierarchical assemblies 

elicit varied responses from cells, as measured by cell densities and spread areas. The suspended 

nanofiber assemblies provide cells with simultaneous 1, 2 and 3D cues, as cells are able to align 

along fiber axis (1D), spread between multiple fibers (2D) and wrap around fibers (3D). Based on 

the nanofiber assemblies, we developed ECM mimicking nanofiber nets to investigate MSCs 

forces during their life cycle. The MSC forces increases with the fiber stiffness until a critical 

stiffness value is reached. During cell migration, the leading edges of the cell were found to exert 

larger contraction forces than the cell body and posterior part. MSCs demonstrate expansive 

rounding forces and oscillation behaviors during mitosis and apoptosis process. Our study 

examined MSCs behavior over a broad range of stiffness and found that higher stiffness not only 

enhances cell force magnitudes but also accelerates cell mitosis and apoptosis process. Variation 

in stiffness may be used as a control parameter to tune cell proliferation and self-renew process. 

We envision that precisely deposited suspended nanofibers on varied three dimensional shapes 

could find wide applications in diverse fields such as wound healing, organ regeneration and 

developmental and disease biology. 
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Chapter 6 Organized Long Titanium Dioxide Nanofibers/Nanotubes  

Ji Wang, Junbo Hou, Michael.W.Ellis, Amrinder S.Nain, New Journal of Chemistry, 2013, 37, 

571-574.  Used with permission of Royal Society of Chemistry, 2015. 

 

6.1 Introduction 

 

Titanium dioxide (TiO2), also known as titania, has a number of unique properties, which have 

wide applications in photocatalysis, super-wetting surface, solar cell and biomedical applications. 

[195–198]In the past decade, nanostructures of TiO2 such as nanofibers and nanotubes have been 

extensively studied for improved properties. These one dimensional TiO2 structures demonstrate 

superior properties compared to bulk TiO2, which is mainly attributed to their increased specific 

area and quantum confinement effects.[199] There are several approaches reported in the literature 

to prepare TiO2 nanofiber/tube structures.  One approach is the anodic growth of TiO2 nanotube 

arrays in electrolytes, which allows formation of self-organized nanotube layers with limited 

 

Figure 6.1 (A) Schematic of STEP technique, (B) as spun precursor fiber bundles,(C) scanning 

electron microscope (SEM) image of a precursor fiber surface,(D) SEM image of aligned 

titania fibers obtained through calcination,(E) XRD pattern of TiO2 fibers. Wang et al, New 

Journal of Chemistry, 2013, 37. Used with permission of Royal Society of Chemistry, 2015. 
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thickness not exceeding 300 microns.[200–202] Another approach, the electrospinning based sol-

gel process, has been widely used to produce titania nanofiber/tube structures of considerable 

length. Li et al reported titania nanofibers obtained from PVP/TiO2 precursor fibers. [203] By 

controlling processing parameters, the TiO2 nanofiber diameter could be controlled from 20 to 

200nm. Zhan et al obtained TiO2 hollow fibers through coaxial electrospinning.[204] Caruso et al 

obtained TiO2 tubes with secondary structures by dip coating electrospun porous poly(L-lactide) 

fibers. [56]Kim et al coated electrospun poly(vinly pyrrolidone) fibers using atomic layer 

deposition and obtained pure anatase TiO2 submicrotubes.[57] Although these techniques, which 

 

Figure 6.2 SEM images of (A) evenly spaced NW@MT structures, (B) fracture surface of a 

NW@MT structure,(C) a zoomed-in area  of the nanowire, (D) a zoomed-in area of the 

microtube surface. Wang et al, New Journal of Chemistry, 2013, 37. Used with permission of 

Royal Society of Chemistry, 2015. 
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combine sol-gel processes with electrospinning, provide a straightforward strategy for processing 

long titania fiber/tube structures, the fibers/tubes obtained are usually randomly collected, due to 

the instabilities associated with  the  electrospinning process.  

 In this work, we demonstrate an effective and robust strategy for fabricating organized and long 

1D titania structures by combining the sol-gel process with recently reported Spinneret-based 

Tunable Engineered Parameters (STEP) fiber manufacturing technique. The STEP technique 

provides unique control on fiber  i) alignment, ii) spacing, iii) length, iv) diameter (sub 100nm to 

several microns), and v) scalability to develop assemblies. Long 1 D structures obtained through 

this method include fibers, tubes, nanowire in microtubes (NW@MT), and particle chains. The 

capability and feasibility of the technique presented in this work provides a promising approach 

for fabrication of aligned 1D inorganic structures as building blocks for use in widespread future 

applications.   

6.2 Experimental Section  

Sol-gel coating: PS (2000K g.mol-1, 860K g.mol-1) was dissolved in p-xylene at various 

concentrations at room temperature for one week prior to experiment. For precursor solution 

preparation, titanium tetraisopropoxide (Ti(OiPr)4) was added to PS/p-xylene solutions.  The 

mixture was vigorously stirred for 12 h at room temperature to ensure homogeneity. As spun fiber 

bundles were dried in a vacuum desiccator for 24 hours to remove any remaining solvent. Dilute 

Ti(OiPr)4 solutions ( 1:19 and 1:39 in isopropanol)  were dripped onto the fiber bundles, which 

were then soaked in isopropanol/water (1:1,v/v) for hydrolysis followed by drying in a vacuum 

desiccator for another 24 hours. Precursor fibers and sol-gel coated PS fibers were transferred into 

an autoclave for calcination at 700°C for 4 h. A slow heating rate of 0.5°C/min was adopted in 

order to prevent collapse or breaking of titania structures.  
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Characterization: Thermal gravimetric (TG) analysis was employed to evaluate the weight loss of 

the samples under air flow of 20mL.min-1 and a heating rate of 20°C.min-1 using a thermal analyzer 

(TGA/SDTA, 851,METTLER). The X-ray diffraction (XRD) pattern was recorded using a Philips 

PW-1710 diffractometer (Cu Kα radiation) at a scanning rate of 0.05°/s in 2ϴ ranging 20° to 70°. 

For SEM (Zeiss, Leo 1550) analysis, the samples were sputter coated. 

Photocatalytic activity measurement: the photocatalytic activities of TiO2 structures were tested 

on photo-oxidation of methylene blue.  TiO2 samples with the weight of 2 mg were added to 20.0ml 

methylene blue solution with a concentration of 10.0mg/L. The mixture were kept in dark for 

30mins to that adsorption and desorption was reached before irradiation. After that, the sample 

was irradiated by a 160W high-pressure mercury lamp at a distance of 30 cm. The change of 

absorption at 664nm was applied to identify the concentration of methylene blue using UV-vis 

spectrophotometer (Lambda 35, Perkin-Elmer) and the concentration of methylene blue was 

measured as a function of irradiation time. 

6.3 TiO2 Nanofibers with Varied Morphologies 

Polymer solution is pumped through a spinneret and forms a droplet at the nozzle, which contacts 

the rotating substrate. Being a non-electrospinning technique, filament whipping or bending is 

eliminated and the as- spun fibers are collected in parallel configurations on the substrate, as shown 

in Figure 6.1 (A). The desired spacing between neighbouring fibers is achieved by controlling 

both the substrate rotation and translation speeds. Control of fiber diameter is achieved through 

control of solution rheology (solution concentration and molecular weight of polymer). 
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 Using the STEP technique, polystyrene (PS) was used as a carrier of titanium tetraisopropoxide 

(Ti(OiPr)4). As shown in Figure 6.1 (B), unidirectional nanofiber bundles (dia ~ 500nm) were 

obtained from solutions containing 70mg Ti(OiPr)4, 20mg 2000K PS, and 0.3ml p-xylene. After 

hydrolysis in water and drying in a vacuum desiccator overnight, the fibers appear smooth and 

uniform as shown in Figure 6.1 (C). A TG curve shows that the PS was removed from the fibers 

 

Figure 6.3 SEM images of (A) twisted titania tube yarn ,(B)parallel uniform titania tubes 

within the yarn, (C)-(D) fracture surface of titania tubes, (E) -(F) titania tube with holes  in the 

wall. 

 

Figure 6.2 SEM images of (A) twisted titania tube yarn ,(B)parallel uniform titania tubes within 

the yarn, (C)-(D) fracture surface of titania tubes, (E) -(F) titania tube with holes  in the wall.  

Wang et al, New Journal of Chemistry, 2013, 37. Used with permission of Royal Society of 

Chemistry, 2015. 
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upon calcination. (Appendix E)  Above 450°C there was no further weight loss, which indicates 

the organic component has been entirely decomposed. After calcination, continuous nanofibers 

(dia~350nm) were obtained through sintering of TiO2 particles which are 30-40nm in diameter, as 

shown in Figure 6.1(D).  The reduced diameter could be attributed to loss of PS and crystallization 

of TiO2. Note that the original parallel configuration of the fibers was well preserved after 

calcination. Figure 6.1 (E) shows a XRD pattern of the calcined sample, which indicates the 

formation of anatase phase nanocrystals.  

NW@MT structures are conventionally obtained through co-axial electrospinning and a dual or 

triple capillary spinneret were utilized to delivery immiscible solutions. Chen et al reported TiO2 

 

Figure 6.4 SEM images of (A) unidirectional bundles of mesoporous titania tubes, (B)-(C) 

fracture surface of mesoporous titania tubes, (D) titania particle chains. 
 

Figure 6.3 SEM images of (A) unidirectional bundles of mesoporous titania tubes, (B)-(C) 

fracture surface of mesoporous titania tubes, (D) titania particle chains. Wang et al, New Journal 

of Chemistry, 2013, 37. Used with permission of Royal Society of Chemistry, 2015. 
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NW@MT structures using a triple capillary spinneret.[204] Here we demonstrated the possibility 

to achieve NW@MT TiO2 structures through calcination of micro-scale precursor fibers of 

uniform composition. The obtained NW@MT structures were uniform in dimension and well 

aligned with desired spacing (Figure 6.2 (A)). Our preliminary results suggest that NW@MT 

structures were highly repeatable from micro-scale precursor fibers (diameter>3m), while solid 

titania fibers were obtained when precursor fibers diameter is less than 800nm. Zoomed in SEM 

image from the fracture surface (Figure 6.2 (B)) reveals a typical nanowire in a micro tube 

(NW@MT) structure -- a nanowire of ~500nm in diameter forms within the shell which is smooth 

on both the inner and outer walls with wall thickness varying between 200nm and 600nm.  The 

formation of NW@MT could be due to shrinkage mismatch between core and shell—core portion 

continues to shrink throughout calcination process while shell portion becomes solidified at early 

stage. Continuous core shrinkage also leads to shell buckling, as evidenced by the wrinkled surface 

in Figure 6.2(A) and (B). The average nanoparticle diameter was approximately 10nm in the 

nanowire as shown in Figure 6.2 (C), which is much smaller than the average particle size in the 

shell (30-40nm in diameter) (Figure 6.2 (D)). As reported by Zhan et al, higher calcination 
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temperature leads to larger titania particle size. [204] The difference in particle sizes in our case 

indicates there may be a temperature gap between shell and cores during heat treatment. 

   To obtain TiO2 tubular structures, a 4 cm long bundle of PS fibers (600nm in diameter spun 

from 110mg/ml of 2000K PS solution in p-xylene ) was coated with dilute solution of Ti(OiPr)4 

in isopropanol (1:19,v/v) . After hydrolysis, the bundle was twisted into a yarn using a custom 

made device to increase the integrity. Upon calcination, yarns of long titania tubes were obtained 

as shown in Figure 6.3 (A). The tube structures of uniform diameters (approximately 500nm 

(Figure 6.3(B)) were found to have smooth surface, demonstrating a shrinkage of 17% during 

calcination. A wall thickness of 30-40nm was obtained (Figure 6.3(C) and (D)). No cracks were 

observed along the long tubes, instead,holes in the tube wall were observed, which might be caused 

 

Figure 6.4 UV photodegradation of methylene blue. Curves: (1) without photocatalyst, (2) 

TiO2 fibers (diameter~350nm),(3) TiO2 NW@MTs (Nanowire diameter ~500nm,Tube 

diameter 3-4m),(4) TiO2 tubes  (diameter ~500nm),(5) TiO2 porous tubes (diameter~250nm). 

Rate constants k are labelled for curves 2-5. Wang et al, New Journal of Chemistry, 2013, 37. 

Used with permission of Royal Society of Chemistry, 2015. 
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by  polymer degradation effects on sintered walls. These structures are similar to those reported in 

literature for carbon micro-tubes, which were obtained through carbonization of 

polyacrylonitrile/poly(methyl methacrylate) (PAN/PMMA) shell/core fibers.[78]  

Hollow tubes with mesoporous walls are highly desirable structures with potential applications in 

catalysis, selective separation, sensor arrays and magnetic devices. Previous work has 

demonstrated mesoporous titania fibers/tubes through the addition of tetrabutylammonium 

hydroxide into precursor solutions.[204] Here we demonstrate a simpler, faster and cost effective 

approach to achieve porous tube walls by controlling the sol-gel coating solution concentration. 

300nm diameter PS fiber (spun from 50mg/ml of 2000K PS solution in p-xylene) bundles were 

used as templates and coated with dilute solution of Ti(OiPr)4 in isopropanol (1:39,v/v). Following 

the hydrolysis and calcination procedures, as previously described, highly porous TiO2 hollow 

tubes with diameter approximately 250nm were achieved as shown in Figure 6.4 (A). The size of 

porosity was observed to range from 10-50nm. The length of the mesoporous tubes could be varied 

from 0.5mm to 8cm by employing fiber bundles of different length as template. Inspection of the 

tube fracture surface revealed a single layer of TiO2 nanoparticles less than 10nm in thickness, as 

shown in Figure 6.4 (B)-(C). The formation of pores could be attributed to the growth and 

condensation of TiO2 grains. To further increase the surface area to volume ratio, 100nm diameter 

fibers (from 110mg/ml of 860K PS in p-xylene solution) were used as templates. After calcination, 

TiO2 nanoparticles sintered together, thus forming a continuous chain (diameter: 30-100nm) as 

shown in Figure 6.4 (D).  

6.4 Photocatalytic Activity of TiO2 Nanofibers 

The photocatalytic activity of TiO2 is greatly affected by its morphology such as surface area, 

particle size and porosity. The photocatalytic properties of TiO2 structures fabricated using STEP 
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platform were evaluated by photo oxidation of methylene blue, as shown in Figure 6.5. Compared 

to the non-catalyst case, which hardly decomposed under UV light irradiation (curve 1), TiO2 

catalysts yield an increased rate of methylene blue decomposition. Specifically, porous tubes 

exhibited the highest activity (curve 5) and solid fibers the least (curve 2). Compared with the TiO2 

nanofibers, all the tube structures (including NW@MT, smooth tubes and porous tubes) presented 

a markedly improved photocatalytic activity. Based on the first-order kinetics of methylene blue 

degradation: [205,206] 

0ln( / )C C kt                                                            Eq  6.1                                       

the photo degradation rate constants k , were calculated (Figure 6.5), clearly demonstrating that 

the porous tube structures provided the highest photocatalytic activity, which may be due to its 

large specific area. The photo degradation constants in this study are roughly in the range of 

reported values (0.01~0.03 min-1) of varied titania nanostructures.[205,207,208] (Appendix F)  

6.5 Conclusion 

In summary, highly aligned and long TiO2 structures including fibers, NW@MT, tubes and particle 

chains were obtained through the combination of the sol-gel process with the STEP fiber 

manufacturing technique. On removal of thermal degradable PS, continuous 1-D nanostructures 

are produced and the obtained morphologies can be controlled through adjusting a series of 

processing parameters. All nanostructures were several centimeters long and could be manipulated 

into organized formats such as bundles, arrays and twisted yarns. TiO2 tube structures demonstrate 

higher photocatalytic activities than TiO2 fiber with porous nanotube structures providing the 

highest photocatalytic activities. We envision the procedures and methods outlined in this study 



102 
 

can be extended to provide a roadmap to produce organized and continuous nanostructures 

extended to oxides such as SnO2, SiO2 and ZrO2 for a diverse range of applications. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



103 
 

Chapter 7 Conclusions  

To summarize the body of this study, highly aligned nanofibers with controlled morphologies and 

well characterized mechanical properties have been developed and their applications in biology 

and advanced materials have been demonstrated.  

STEP technique was utilized in this study to achieve aligned nanofiber arrays. An isodiametric 

design space was developed through molecular entanglement based scaling laws. Smooth and 

uniform polymer fibers with substantial length (at least several millimeter in length) start to form 

when the solution concentration is beyond critical entanglement concentration Ce, which signifies 

the transition from semi-dilute un-entangled to semi-dilute entangled domain. Beaded fibers 

formed from the semi-dilute un-entangled solutions and macro fibers were obtained from highly 

concentrated solutions. From the isodiametric design space, the same diameter fiber can be 

achieved from different combinations of polymer molecular weights and solution concentrations. 

For polystyrene, the diameter can be ranged from 70nm to 800nm. This study demonstrates that 

STEP technique can be extended to wide range of polymers, including polyurethane, PMMA, PEO 

and fibrinogen. Aligned polymer nanofibers with substantial length and tightly controlled diameter 

have been demonstrated using these polymer species.  

Fiber morphology can be tuned through manipulation of the solidification process. While fast 

solvent evaporation leads to solid fibers, prolonged solidification process produces hollow tube 

structures. For the first time, we demonstrate long porous tubes with surface pores produced using 

a single nozzle. By adjusting the polymer solution concentration, the tube wall thickness and tube 

diameter can be accurately controlled. In addition, the surface porosity of the tube wall can be 

tuned through the relative humidity. It was shown that strength of these porous tubes can be 
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improved by 120% by incorporating 2% wt MWCNTs. These porous tubes demonstrate large 

specific surface area and excellent oil absorption capacities.   

To characterize single nanofiber mechanical properties, an integrated nanofiber deposition and 

deflection approach was utilized in this study. Aligned nanofibers were deposited with fixed-fixed 

boundary conditions by moving an extruded solution droplet across a TEM grid. The position of 

fibers were obtained at low magnification of TEM and subsequently an AFM cantilever was 

brought to the vicinity of the fibers and deflect them laterally. This approach allows mechanical 

tests of wide range of fiber diameters (from 40nm to 500nm) and enough number of samples can 

be tested to achieve fiber strength distribution. It was found that the modulus of PS nanofibers is 

~1GPa, which does not demonstrate difference as fiber diameter reduces. The reason was 

attributed to the absence of chain orientation in as spun fibers. Also, the molecular weight (2M, 

860k and 400k) and strain rate (2Hz, 0.5Hz and 0.1Hz) variations do not produce significant 

change in modulus. The tensile force developed during the manufacturing process was found to 

scale with fiber diameter (D2) and the tensile stress is ~4MPa. Single fiber strength demonstrate 

significant enhancement as fiber diameter reduces to sub 50nm and the fiber strength distribution 

can be described by a two parameter Weibull function. The Weibull modulus found in this study 

are larger than the values of electrospun fibers, which indicates more uniformly distributed defects 

in STEP fibers. The suspended nanofibers on TEM grid afford us a unique opportunity to 

investigate the chain orientation is deformed nanofibers. It was found that large elongation (~60%) 

leads to significant chain orientation ( f ~0.28-0.68) and small elongation (~20%) produces less 

pronounced chain orientation ( f ~0.14-0.16).  Nanofiber yarns demonstrated an optimal twisting 

angle for the strength, which is a combined results of fiber orientation, inter-fiber friction, fiber 

volume fraction and fiber fusion.  
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Hierarchical nanofiber assemblies were developed as bio-scaffolds with tight control on fiber 

spacing and fiber orientation. Cell attachment is enhanced by reducing fiber spacing and 

incorporating more nanofibers into the scaffolds, while cell spreading is promoted by the crisscross 

configurations of the scaffolds.   

Nanofiber assembly based cell force measurment platform was developed, which can provide cell 

force map of a single MSC during cell division, migration apoptosis process. Cell forces were back 

calculated from the fiber deflections. It was found that higher stiffness leads to faster cell division 

and apoptosis process. The force-fiber stiffness relationship exhibits two distinct regimes: first, an 

increase of the force with the stiffness and then a saturation plateau for even larger stiffness. As 

the MSC cell migrates, the leading edge is exerting larger contractile forces compared to the cell 

body and trailing edge. Periodical cell force oscillations were observed during cell apoptosis 

process and the oscillation amplitude was found to scale with the fiber stiffness. The cell force 

measurement platform developed in this study provide an unique opportunity to investigate the 

“inside-out” cell forces –forces exerted by the cell to its surrounding, in an ECM mimicking 

environment. The stiffness of suspended nanofibers can be conveniently adjusted through 

changing the fiber diameters and the suspended length. The force resolution and spatial resolution 

can be further improved by reducing the fiber stiffness and fiber spacing.  

Efforts were made in this study to extend the current STEP technique to inorganic fibers. Aligned 

TiO2 nanofibers were prepared through the STEP combined sol-gel technique. By tuning the 

processing parameters, varied morphologies such as solid fiber, nanowire in microtubes, tube, and 

porous tube were achieved. These 1D TiO2 structures are several centimeters long and could be 

conveniently manipulated into bundles, arrays and yarns. It turns out that the porous TiO2 
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nanotubes demonstrate highest photo-catalytic activity, which is attributed to the high specific 

surface area.  

The significant contributions from this research can be summarized as: 

1 Development of isodiametric design space for nanofiber fabrications 

The nanofibers obtained from the design space are smooth and uniform and have substantial length 

(at least several millimeters). By visual inspection on the design space, required molecular weight 

and solution concentration for a specific fiber diameters can be determined. The design space has 

developed for varied polymer species. 

Both fiber surface and cross-section area morphologies can be tuned by adjusting solvent volatility 

and relative humidity 

The STEP technique was combined with sol-gel technique to produce TiO2 nanofibers. 

2 Single nanofiber mechanical characterization 

Fiber stiffness, modulus, tensile stress and strength were obtained by laterally deflecting the 

nanofibers.  

Strength of sub 100nm diameter fibers have been characterized, which demonstrate a significant 

enhancement as fiber diameter reduces.  

Strength distribution of single polymer nanofibers were obtained, which follows two parameter 

Weibull distribution. The strength distribution of single nanofibers was used to predict nanofiber 

yarn strength.  

3 Hierarchical nanofiber assemblies as bio-scaffolds  
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Cell attachment and cell spread area can be controlled through the configuration of nanofiber 

scaffolds.  

Cell force evolution during division, migration and apoptosis process can be accurately measured 

using suspended nanofibers as force sensors.  

 

The contributions that would impact the progress of this ongoing research can be summarized as 

following:  

1 It is of great interest to generate nanofiber scaffolds with stiffness gradients to control MSC cell 

differentiation. Bio-scaffolds with varied stiffness can be made from nanofibers with varied 

diameters (from 200nm to microns) and suspended length (from 50 m to 1000 m). In addition, 

different polymer species can be used to construct the nanofiber scaffolds, which further extend 

the stiffness ranges. For example, polyurethane can be used to prepare low stiffness scaffolds while 

PMMA can be used to prepare scaffolds with high stiffness. It is possible that MSC cells would 

preferentially differentiate into adipocytes on scaffolds made from small diameter fiber 

(dia<200nm) with long suspended length, while osteoblasts may be expected on scaffolds made 

from micron sized diameter fibers with short suspended length.  

In addition, based on the current nanofiber net system, it is possible to detect the “outside-in” cell 

forces, which is the forces that a cell can tolerate from external perturbation. For example, by peel 

off a cell from fibers that it attached to, the cell adhesion force can be back calculated from the 

deflections of the fiber.  
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2 It will be helpful to prepare sub 100nm diameter nanofibers from crystalline polymer and 

characterize their mechanical properties. Significant polymer chain orientation may be achieved 

during fiber formation process for the sub 100nm diameter nanofibers, which could leads to 

superior modulus and strength. By controlling the crystallinity of the polymer through annealing 

process, it may be possible to tailor the mechanical properties of single polymer nanofibers.  In 

addition, it would be interesting to extend the current mechanical characterization approach to 

inorganic nanofibers, such as TiO2 nanofibers, which can be conveniently achieved using the STEP 

combined sol-gel process. Also, the current approach can be extended to investigate the 

mechanical properties of single nanofiber made from MWCNTs reinforced polymers.  

3 More effort will be devoted to biological scaffolds made from biological polymers, such as 

collagen and spider silk. Following the same approach outlined in this study, it is possible to 

develop the isodiametric design space for these polymers and construct multilayer hierarchical 

fiber assemblies, which are both biophysically and biochemically similar to the in vivo ECM. 

Native ECM proteins have diameter ranging from 50nm (a single collagen fibril) to microns 

(collagen fiber bundle), which are well within the diameter range of STEP isodiametric design 

space. Concurrent effort will be devoted to develop hierarchical structures using the 50nm 

diameter fibers as building blocks—first construct microscale fiber bundles and then escalates to 

millimeter scale tissues, such as blood vessel and tendons.  

4 It is of tremendous interest and importance to scale up the productions of STEP fibers. Efforts 

will be devoted to incorporate multiple spinnerets into the STEP technique. Since there is no 

electrical sources involved in STEP technique, there is no limits in the spinneret spacing, thus 

spinnerets can be densely packed to increase the production of the STEP fibers. Instead of 

collecting a single filament, it will be possible to collect fiber bundles or yarns directly.  Also, it 
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will be helpful to obtain microscale fibers using melt spinning based on the STEP technique. With 

these microscale fibers, it will be convenient to construct 3D scaffolds on the order of millimeters 

in thickness, approaching the thickness of tissue structures.  
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Appendix A Overlap Concentration ( C*) and Critical Entangled 

Concentration (Ce) 

PS was dissolved in p-xylene at low concentrations ~ 1% by weight and dilute solution viscometry 

experiments on different molecular weights of PS (650K, 860K,1500K and 2000K g.mol-1) were 

conducted to obtain the intrinsic viscosity[ ]   and also the Mark-Houwink-Sakurada constants 

(K=0.0136 ml.g-1 and α=0.6920 at 30°C) [1]. 

Overlap concentration C* which lies at the boundary of dilute and semi-dilute (un-entangled)  

regions can be determined using the Mark-Houwink-Sakurada relation:  

𝐶∗ =
1

[𝜂]
= 1/𝐾𝑀𝑤

𝛼                               [Eq A1] 

𝐾 and α (S1) are Mark-Houwink-Sakurada constants and Mw is molecular weight. 

Critical entangled concentration Ce which lies at the boundary of semi-dilute (untangled) and semi-

dilute (entangled) regions can be calculated from:  

𝐶𝑒 = 𝑛(3𝜈−1)/𝑀𝑤𝐴2                             [Eq A2] 

Where n is the number of monomers between entanglements and is defined as 𝑛 = 𝑀𝑒/𝑚𝑜, where 

Me is the entanglement density of the melt (PS~13,309g.mol-1),𝑚𝑜  is molecular weight of repeat 

unit , and ν is the excluded volume exponent calculated as: 𝜈 = (𝛼 + 1)/3. [2] 

With K and α being the Mark-Houwink-Sakurada constants obtained from dilute solution 

viscometry , 𝑀𝑤𝐴2  are calculated as [2]:  

𝑀𝑤𝐴2 = 5.3/𝐶∗                                 [Eq A3] 

Both C* and Ce decrease with increasing molecular weights.  
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Rheology parameter values (C*,Ce) for different molecular weight are summarized in 

Supplementary Table 1.  

Table A1 Rheology parameter values for different molecular weight of PS. Wang et al, Polymer 

Journal, 2013, 45. Used with permission of Nature Publishing group, 2015. 

 
 650k (g.mol-1) 860k (g.mol-1) 1500k (g.mol-1) 2000k (g.mol-1) 

C*(mg/ml) 7.0 5.8 3.9 3.2 

Ce (mg/ml) 96.1 55.2 26.7 17.3 
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Appendix B Estimation of solvent diffusion coefficient in polymer solution  

Solvent diffusion coefficient varies considerably as a function of solution concentration. To 

estimate the solvent diffusion coefficient in different concentration solutions, solutions were 

placed in a petri dish and allowed to evaporate into air. The weight loss with time was recorded 

using an accurate balance.  

The diffusion of solvent in the petri dish can be considered as a one-dimensional process, which 

is governed by Fick’s Law[209]: 

0

(1 )

s ss s
p

p

s p

s

D

t x x

 



 



 
 

    
   
  
  

 

Where 
p
is polymer density ( 1.05g/cm3 for polystyrene), s is solvent density ( 0.91g/ cm3for 

DMF/xylene =50:50,v/v ), s is solvent concentration( by weight), 
ssD is internal solvent diffusion 

coefficient( mm2/s).  

There are two boundary conditions: 

1) 0, ;s x L    solvent concentration is zero at the solution-air interface, where L is the solution 

thickness in the petri dish  

2) 0, 0;s x
x


 


 solvent concentration gradient is zero at the bottom of the petri dish 

There are one initial condition: 

0 , 0;s s t    where 
0s is the initial solvent concentration.  
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the equation can be solved as: ( , , )s s sst x D  . 

At time t, the total mass of the solution is: 

0

L

calc s s pm A dx m   , where 
calcm is the calculated total mass of the solution, A is the cross-

section area of the petri dish, pm is the polymer mass in the solution.  

Therefore, the solution weight loss during any time is 
initial calcm m , which is a function of 

ssD . 

 By matching
initial calcm m with the measured weight loss,  

ssD  was determined.  

Table B1 Diffusion coefficient of solvent molecules in different concentration solutions for t=10 

seconds. Wang et al, Polymer, 2014, 55. Used with permission of Elsevier publishing group, 2015. 

Solution 

Concentration (%wt) 

          

Entanglements(C/C*) 

Estimated Dss×10-5
 

(mm2/s) 

1 3 1.36 

2 6 0.65 

4 12 0.21 

7 21 0.09 

10 31 0.06 
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Appendix C Single Fiber Stiffness and Tension Scaling with Fiber Diameter  

2M PS single fiber stiffness and tension scaling with fiber diameters  

 

 

 

 

 

Figure C1 2M PS single fiber stiffness as a function of (A) fiber diameter and (B)fiber 

diameter square , and fiber tension as a function of (C) fiber diameter and (D) fiber diameter 

square. 
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860k PS single fiber stiffness and tension scaling with fiber diameters 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C2 860k PS single fiber stiffness as a function of (A) fiber diameter and (B)fiber 

diameter square, and fiber tension as a function of (C) fiber diameter and (D) fiber diameter 

square. 
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400k PS single fiber stiffness and tension scaling with fiber diameters  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C3 400k PS single fiber stiffness as a function of (A) fiber diameter and (B)fiber 

diameter square, and fiber tension as a function of (C) fiber diameter and (D) fiber diameter 

square. 
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Appendix D Force-displacement Curves and Mechanical Properties 

Summarization of PS Nanofibers 

 

 

2M PS nanofibers deformed at strain rate 120m/s 

 

  

 

 

 

Figure D1 2M PS fiber defelected at strain rate 120m/s. (A) Force-displacement curves. (B) Product 

of apparent stiffness kapp and L/D2 of PS nanofibers as a function of (D/L)2. 

 

Slope (GPa) Modulus(GPa) Intercept(MPa) Tensile Stress(MPa) 

9.96 1.05 16.78 4.35 

 

 

 

Table D1 Tensile Stress of PS Nanofibers  

 
Strain Rate 

Tensile Stress (MPa)  

2M 860k 400k 

120m/s 4.35 4.12 4.25 

10m/s 4.51 4.65 4.45 

2m/s 3.95 4.07 4.00 

 



118 
 

 

860k PS nanofibers deformed  at rate 120m/s 

 

400k PS nanofibers deformed at strain rate 120m/s 

 

Figure D3 400k PS fiber defelected at strain rate 120m/s. (A) Force-displacement curves. (B) 

Product of apparent stiffness kapp and L/D2 of PS nanofibers as a function of (D/L)2. 

 

Slope (GPa) Modulus(GPa) Intercept(MPa) Tensile Stress(MPa) 

10.05 1.11 16.01 4.25 

 

 

Figure D2 860k PS fiber defelected at strain rate 120m/s. (A) Force-displacement curves. (B) 

Product of apparent stiffness kapp and L/D2 of PS nanofibers as a function of (D/L)2. 

 

Slope (GPa) Modulus(GPa) Intercept(MPa) Tensile Stress(MPa) 

10.55 1.12 15.46 4.12 
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2M PS nanofibers deformed at strain rate 10m/s  

 

860k PS nanofibers deformed at strain rate 10m/s 

 

 

Figure D4 2M PS fiber defelected at strain rate 10m/s. (A) Force-displacement curves. (B) Product 

of apparent stiffness kapp and L/D2 of PS nanofibers as a function of (D/L)2. 

 

Slope (GPa) Modulus(GPa) Intercept(MPa) Tensile Stress(MPa) 

10.13 1.08 16.99 4.51 

 

 

Figure D5 860k PS fiber defelected at strain rate 10m/s. (A) Force-displacement curves. (B) Product 

of apparent stiffness kapp and L/D2 of PS nanofibers as a function of (D/L)2. 

 

Slope (GPa) Modulus(GPa) Intercept(MPa) Tensile Stress(MPa) 

10.76 1.14 17.53 4.65 
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400k PS nanofibers deformed at strain rate 10m/s 

 

 

 

 

Figure D6 400k PS fiber defelected at strain rate 10m/s. (A) Force-displacement curves. (B) Product 

of apparent stiffness kapp and L/D2 of PS nanofibers as a function of (D/L)2. 

 

Slope (GPa) Modulus(GPa) Intercept(MPa) Tensile Stress(MPa) 

10.90 1.16 16.78 4.45 
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2M PS nanofibers deformed at strain rate 2m/s 

 

860k PS nanofibers deformed at strain rate 2m/s 

 

 

Figure D7 2M PS fiber defelected at strain rate 2m/s. (A) Force-displacement curves. (B) Product 

of apparent stiffness kapp and L/D2 of PS nanofibers as a function of (D/L)2. 

 

Slope (GPa) Modulus(GPa) Intercept(MPa) Tensile Stress(MPa) 

10.07 1.07 14.91 3.95 

 

 

Figure D8 860k PS fiber defelected at strain rate 2m/s. (A) Force-displacement curves. (B) Product 

of apparent stiffness kapp and L/D2 of PS nanofibers as a function of (D/L)2. 

 

Slope (GPa) Modulus(GPa) Intercept(MPa) Tensile Stress(MPa) 

1.08 1.07 15.34 4.07 
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400k PS nanofibers deformed at strain rate 2m/s 

 

 

 

 

 

 

Figure D9 400k PS fiber defelected at strain rate 2m/s. (A) Force-displacement curves. (B) Product 

of apparent stiffness kapp and L/D2 of PS nanofibers as a function of (D/L)2. 

 

Slope (GPa) Modulus(GPa) Intercept(MPa) Tensile Stress(MPa) 

1.03 1.06 15.08 4.00 
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Appendix E The TG Curve of Precursor Fibers 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure E1 The TG Curve of Precusor Fibers. Wang et al, New Journal of Chemistry, 2013, 

37. Used with permission of Royal Society of Chemistry, 2015. 
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Appendix F Comparison of Photocatalytic Activity of Titania Nanostructures  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table F1 Comparison of the photo degradation rate constants of varied titania nanostructures 

with the commercial TiO2 powder P25. Aeroxide® P25 (Evonik Degussa, GmbH). Wang et al, 

New Journal of Chemistry, 2013, 37. Used with permission of Royal Society of Chemistry, 

2015. 

TiO2  Catalyst  

Conc 

Initial 

MB Conc 

Reaction 

condition 

  Rate 

constant 

Source  

Nanofiber  100mg/L 10mg/L 160W Hg Lamp    0.007 min-1 This work 

NW@MT  100mg/L 10mg/L 160W Hg Lamp    0.016 min-1 This work 

Tubes 100mg/L 10mg/L 160W Hg Lamp    0.024 min-1 This work 

Porous 

Tubes 

100mg/L 10mg/L 160W Hg Lamp    0.029 min-1 This work 

P25 Degussa 240mg/L                             25mg/L 400W Hg Lamp    0.015  min-1 [210] 

P25 Degussa 300mg/L 10mg/L 8W UV Lamp     0.008 min-1 [211] 

P25 Degussa 100mg/L 32mg/L 75 W Hg Lamp    0.012 min-1 [212] 
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