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Abstract

Liquid bridges have been studied for over 200 years, due to their countless natural

and industrial occurrences. Majority of these studies focus on Newtonian fluids be-

tween coaxial discs, where the dimensions of the liquid bridge are on the millimeter

scale. Presented in this thesis is the characterization of liquid bridges that stabilize

into polymeric fibres that are 10 cm long, while being less than 20 µm in diame-

ter. To control the fibre formation process, a horizontal single-fibre contact drawing

system was created, consisting of a motorized stage, a micro-needle, and a liquid

filled reservoir. Analyzing liquid bridge rupture statistics as a function of elongation

speed and solution properties revealed that a single timescale governed the fibre for-

mation process. Using the reptation model for the viscoelasticity of the entangled

polymer solution showed that this timescale corresponded to the relaxation time of

entanglements. Characterization of the final fibres revealed that fibre diameter was

proportional to the initial solution viscosity due to a secondary flow that occurs dur-

ing the fibre formation process. Verification of these results with the addition of type

I collagen demonstrates the significance of these findings in potentially using this

contact drawing method for biomaterial fabrication.
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Chapter 1

Introduction

1.1 Overview

Collagen fibres are the most abundant protein structure in the human body, and play

a critical role in the structure of tissue. This pivotal role makes collagen a highly de-

sirable biomaterial because it can support cell growth and has numerous applications

including in cell culture, tissue regeneration, and wound care. However, collagen is

not widely used in these applications because there is not yet a sustainable method

to produce collagen fibres. Recently, the Frampton lab has started creating collagen

fibres through a method known as contact drawing [1, 2]. In contact drawing, a highly

concentrated aqueous solution of a long-chain polymer and collagen is created. This

solution is then interposed between two surfaces that are subsequently pulled apart,

creating liquid bridges which stabilize into fibres that can be metres long, while only

being 2-20 µm in diameter. This method to produce fibres does not damage the

collagen, is highly scalable, and does not require specialized equipment, motivating

the potential of contact drawing as a manufacturing process of collagen fibres for

biomedical applications. The goal of this thesis is to understand the physical mecha-

nism that controls the contact drawing process, and the following sections cover the

relevant background that motivated this study.

1.2 Liquid bridges

Liquid bridges define a volume of liquid with a minimized surface, suspended between

two rigid bodies. These bridges have well defined stability conditions, defining the

transition from one continuous volume rupturing into two droplets [3], and accom-

panying forces which lead to attraction or repulsion between the rigid bodies [4].

Through these conditions, liquid bridges are responsible for many natural and indus-

trial processes [5, 6, 7]. For example, beetles, blowflies and many other insects use

1
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liquid bridges as a wet adhesive to climb vertical surfaces [8]. Liquid bridges between

the insects feet and the vertical surface generate attractive forces sufficient to carry

the weight of these insects [9], and may also play a role in how larger animals such as

geckos climb [10]. In an industrial setting, liquid bridges and their instability play a

key role in the printing process [11]. By understanding the rupture characteristics of

liquid bridges, and controlling the size and location of each droplet following rupture,

industrial printing processes are able to achieve the high degree of precision they have

today [11].

These various occurrences and the industrial relevance have motivated over 200

years of research in liquid bridges, dating back to Young’s first report of a liquid

suspended between two coaxial discs [12]. Since this report, the majority of these

studies have focused on Newtonian liquids suspended between two small coaxial discs,

and characterizing the resulting bridge shapes, stability limits, and accompanying

forces [13, 14, 15]. Shown in Figure 1.1, this setup has a simple axisymmetric profile,

and allows one to assume that the liquid bridge fully wets the small discs (millimeter

Figure 1.1: The evolution in liquid bridge shape as the distance between two coaxial
discs is increased, until rupture. The bridge is of a Newtonian fluid, silicon oil, and
seen to have a curved-cylindrical or hourglass type shape. Adapted from [16] with
permission from The Royal Society of Chemistry.



3

scale radius). Assuming an axisymmetric profile and a fixed liquid-solid boundary

simplifies experiments and simulations. The liquid bridge stability is defined by the

slenderness of the bridge, the disc radii, the eccentricity of the bridge shape, the

volume of liquid, the difference in density between the liquid and the surrounding

gas, as well as the surface tension [17]. With these parameters, the stability shapes

and limits can be solved through the Young-Laplace equation, which balances the

capillary force acting on the liquid-gas interface, with the pressures exerted at this

interface [18]. In general, liquid bridge rupture in this set-up occurs near the Plateau

stability limit, where the ratio of the liquid bridge length (L) to the disc radii (R)

at rupture is approximately 2π [19, 20]. Therefore, for Newtonian fluids suspended

between two co-axial discs, the length of the bridge is of the same order as the disc

radii, which is no larger than a few millimeters in most systems.

More recently, studies have shifted to characterize more complex systems, such

as those with non-planar surfaces binding the liquid bridge. In using spheres, for

example, as the distance between the two spheres increases, the area at the liquid-solid

interface changes, invalidating the fixed boundary assumption [21]. In this geometry,

by modelling liquid bridge rupture based on the thinning of the neck radius, Dai

was able to solve for the shape and stability of liquid bridges between two spheres

without using the Young-Laplace equation [22]. Between two spherical rigid bodies,

the Newtonian liquid bridges have similar rupture characteristics to planar surfaces,

with length-scales on the order of bridge radii [21, 22].

In moving away from simple Newtonian fluids to high viscosity fluids, the liquid

bridge shapes and stability limits change significantly. In liquid bridge studies of

aqueous glycerol solutions in the traditional coaxial disc geometry, high viscosity

bridges had a much different shape than those with low viscosities [23]. Instead of a

curved cylindrical shape, high viscosity liquid bridges had pronounced conical ends,

connected by a long thin liquid cylinder, as shown in Figure 1.2. These bridges also

had significantly longer lengths at rupture, with the liquid bridges of highest viscosity

being twice as long as the liquid bridges of lowest viscosity [23]. Compared to the

length-scales of traditional low viscosity liquid bridges, these high viscosity solutions

led to lengths an order of magnitude greater than the bridge radii at breakup, and

lifetimes on the order of 0.01 s [23].
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Figure 1.2: Images right before rupture for experimentally captured (black) and pre-
dicted (blue) liquid bridges of aqueous glycerol solutions. U represents the various
stretching velocities, and Oh is the Ohnesorge number defined as the ratio of the vis-
cous forces to the inertial and surface tension forces. As viscosity increases (higher
Oh), the length at rupture is seen to increase. The shape of the bridge moves further
away from the hourglass shape seen in Figure 1.1, to defined conical ends connected
by a long liquid thread. Figure reprinted with permission from [23]. Copyright 2015
American Chemical Society.

Liquid bridges of methylcellulose in water, a non-Newtonian fluid, showed shapes

different than the normal hour-glass and much longer lifetimes [24]. In this study,

solutions were controlled to contain free methylcellulose polymers, as well as combi-

nations of free polymers and larger methylcellulose fibrils. These polymer solutions

were extended into liquid bridges using a Capillary Breakup Extensional Rheome-

ter (CaBER), which creates 1-10 mm long liquid bridges in just a few milliseconds
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Figure 1.3: Experimental snapshots of an aqueous solution of methylcellulose (a)
without and (b) with fibrillar methylcellulose. In both cases, the shapes are not like
the hourglass seen in Figure 1.1, with (b) showing a very thin thread like liquid column
connecting the two conical ends. Reprinted with permission from [24]. Copyright 2018
American Chemical Society.

[25, 26, 27]. Shown in Figure 1.3, these bridges had shapes much different than the

traditional cylindrical shapes, with conical ends and an extremely thin liquid cylin-

der connecting these ends, and were stable for longer than 10 seconds [24]. At the

highest polymer concentrations, 8-9 mm long liquid bridges were stabilized at diam-

eters of approximately 400 µm, showing that these liquid bridges of non-Newtonian

fluids enter a new length-scale regime, where the length is 20 times the radius, and

the lifetimes are at least 10s of seconds. The authors suggest that entanglements of

polymers or fibrils within their solution were responsible for the long term stability

of these liquid bridges [24].

1.3 Polymer solutions and reptation theory

The structure and dynamics of polymer solutions are complex, and depend largely

on the conformation and concentration of the polymer in the solvent. The conforma-

tions of individual chains are governed by a minimization of their free energy, which

balances the monomer-solvent interaction with the entropy of the chain [28, 29, 30],

and different conformations are summarized in Figure 1.4. When the polymer is in a

’poor’ solvent where the monomer-solvent interaction is less energetically favourable
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Figure 1.4: Neutral polymer conformation is shown in poor, θ and good solvent. In
poor solvent, polymer chains collapse into dense coils, in θ-solvent polymers can be
modelled as a random coil, and in good solvent polymers expand to increase monomer-
solvent interaction. End-to-end distances are labelled as R0 and RF (Flory radius) for
θ and good solvents, respectively. Figure adapted from [32] with permission. Copyright
2009, Springer Nature.

than monomer-monomer interactions, the polymer forms dense globule conformations

minimizing solvent interaction and thereby minimizing free energy [29, 31]. When

monomer-solvent interactions are strong then the polymer swells to maximize its in-

teraction with the solvent. The Flory radius (RF) is a result of a balance between

increasing the interface with the solvent (energetically favourable) and stretching the

polymer chain (entropically unfavorable) [29]. In between these two regimes exists the

θ-solvent, in which monomer-monomer and monomer-solvent interactions are equally

favourable. In a θ-solvent, a polymer conformation is a random walk of the polymer’s

subunits [32].

For polymers in θ-solvents and good solvents, the polymer conformation is defined

as a random walk or a self-avoiding walk, respectively. To define the conformation

as such implies that the polymer’s subunits are uncorrelated, which seems counter-

intuitive given polymers are a physical chain of monomer units, and two monomers

cannot occupy the same volume. This condition is the excluded volume interaction,

which defines the repulsion between monomer units [33]. In a polymer of N monomer

units, the shape of the chain can be defined by N - 1 vectors b⃗i, each of which links

two consecutive monomers. Therefore, the end-to-end distance of the polymer (r⃗)

can be defined as [33]
N−1∑︂
i=1

b⃗i = r⃗. (1.1)
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Although connected monomers will definitely be correlated in their position due to

the excluded volume interactions, after some number of monomers g, where g < N,

this correlation is lost. That is to say b⃗i is independent of vector b⃗i+g. By defining

N/g new vectors c⃗i, where each c⃗i =
∑︁g

i b⃗i, the end-to-end distance of the chain can

be defined as
N
g
−1∑︂

i=1

c⃗i = r⃗, (1.2)

where the c⃗i vectors are uncorrelated [33]. The distance represented by c⃗i defines

the persistence length, and by assuming the polymer chain is made up of spherical

subunits of this persistence length, the random walk or self-avoiding walk is achievable

[34]. At length-scales less than the persistence length, hydrodynamic interactions are

important, and the persistence length will be characteristic of the rigidity of the

polymer, as well as the monomer-solvent interactions. In this situation, r⃗ shown as

R0 and RF in Figure 1.4, defines the radius of a pervaded volume occupied by the

polymer.

The polymer conformation is crucial to understanding the dynamics of polymers

in solution. When interacting with a polymer solution a viscoelastic response is ob-

served, where the timescale of the interaction determines if the response is more

viscous-like or more solid-like [33]. Generally, when the polymers in solution are per-

turbed from their equilibrium conformation they store elastic energy, allowing them

to relax back to their minimized energy state [35]. However, since they are in solu-

tion, some energy from the interaction is dissipated through flow of the liquid, thereby

defining the viscoelastic response [35]. The degree of viscous response to elastic re-

sponse is dependent upon the timescales of relaxation, which characterize the time it

takes for the perturbed polymer solution to return to equilibrium [32]. This ’degree’ of

viscoelasticity can be quantified by applying low amplitude oscillating shear stresses

to a polymer solution, and quantifying the strain [36]. In a purely elastic material,

this strain occurs in phase with the applied stress, whereas in a purely viscous solu-

tion the strain has a characteristic π/2 phase lag to the applied stress [36]. It is then

expected that viscoelastic solutions have an intermediary phase behaviour, which is

dependent on the frequency of oscillation as it probes the relaxation mechanics of

the polymer solution over a frequency-space [36]. The underlying mechanics of the
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relaxation are controlled by various properties, but a key factor is the concentration

of polymer in solution [32]. For the following discussion, polymers in ’poor’ solvents

will no longer be discussed, as this combination is not relevant to the study.

As illustrated in Figure 1.5, in dilute solutions the concentration of polymer in

solution (c) is significantly less than the concentration of polymer within it’s per-

vaded volume. In this regime the solution dynamics are governed by the dynamics

of individual chains, which depend on the solvent interactions and excluded volume

interactions [32]. Thus, any viscoelastic response of a dilute solution is a result of elas-

tic energy stored within these individual polymer chains, as they are perturbed from

their equilibrium conformations [37]. As the concentration of polymer is increased,

eventually the overlap concentration (c*) is reached, where the concentration of the

solution is equivalent to the concentration within the pervaded volume (Figure 1.5),

and polymers are influenced by other polymer chains [38]. At a large range around

c = c* the polymer solution is in the semi-dilute unentangled regime [32], where a

correlation distance (ξ) can be defined as the distance between monomers of differ-

ent chains, and the correlation blob is the corresponding volume. Over distances less

than ξ, there are only monomers from the same chain surrounded by numerous solvent

molecules, and over this lengthscale the polymer behaves as it would in dilute solu-

tion. However, at distances greater than ξ, a polymer is influenced by other polymer

chains, which screen out monomer-solvent interactions. Thus, ξ describes the screen-

ing distance, and as the concentration of polymer increases, ξ decreases [40]. It then

follows that in semi-dilute polymer solution there are two mechanisms governing the

solution dynamics: at lengthscales longer than ξ, the monomer-solvent interactions

are screened, and the polymer solution can be treated as a random walk of correlation

blobs, whereas at lengthscales shorter than ξ the polymer subunits act as polymers

in dilute solution [34]. In recovering from perturbations towards equilibrium, this

results in two distributions of relaxation times, the longer of which corresponds to

the relaxation of the correlation blobs [32].

For this study, the most relevant regime is the entangled regime, at concentrations

above the entanglement concentration (ce) [32]. Although a clear understanding is

yet to be developed, ce is greater than and proportional to c*, and in some cases is

on the order of 10 times larger [32]. At these high concentrations, polymers in θ and
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’good’ solvents are largely overlapped and if treated as linear chains, begin to tangle

together (Figure 1.5), moving them out of the semi-dilute regime, into the entangled

regime. Within the entangled regime, the longest relaxation time corresponding to

the relaxation of entanglements can be defined using reptation theory [41, 42]. In this

model, a polymer in a highly concentrated solution is confined to a tube, where the

sides of the tube are defined by the physical barriers presented by other polymers in

solution as shown in Figure 1.6. At each of these intersections, the polymer cannot

translate laterally through other polymers and therefore can only move along the

one-dimensional tube defined by these boundaries [41]. The radius of this tube, atube,

is larger then the correlation distance ξ, and thus the polymer can be treated as a

chain of correlation blobs within the tube [42]. Thus, the chain length can be defined

as

Lt =
N

g
ξ (1.3)

where Lt is the chain length and N
g
is the number of correlation blobs in a chain [34].

Since the chain is subject to thermal fluctuations, there is an accompanying diffusion

coefficient defined as

Dt = B
kbT

N
, (1.4)

Figure 1.5: The different concentration regimes of a polymer solution are shown. At c
< c*, the concentration of the solution is much less than the concentration within the
pervaded volume of each polymer, defining the dilute regime. At the overlap concentra-
tion, c = c*, solutions are in the semi-dilute regime where the solution concentration
is equal to the concentration of polymer within the pervaded volume. In the highly
concentrated entangled regime, c > c*, polymers are overlapped and entangled. Re-
produced from [39] with permission.
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Figure 1.6: A polymer chain is shown inside its confinement tube, where the dots
represent other chains which, in this drawing, are assumed to be perpendicular to the
paper. Due to entanglements the chain is confined to the tube-like region denoted by
the broken line. The bold line shows the primitive path. Reproduced from [41] with
permission from The Royal Society of Chemistry.

where D t is the diffusion coefficient, B is the monomer mobility (characterising fric-

tional and drag forces in the solution), kb is Boltzmann’s constant and T is the

temperature [34]. It is important to note that D t is inversely proportional to N,

meaning longer chains are less mobile. By characterizing the length of the confine-

ment tube, and the diffusion coefficient, the time required by the chain to diffuse out

of the tube can be defined as

τ rep =
Lt

2

Dt

=

(︃
N

g
ξ

)︃2(︃
1

B

)︃(︃
N

kbT

)︃
, (1.5)

where τ rep is the characteristic time it takes a polymer to completely abandon its

tube and the corresponding entanglements, and enter a new tube [33]. τ rep can be on

the scale of seconds in an entangled polymer solution, and is the longest relaxation

time of the polymer solution [32]. Therefore, the dynamics of polymers and their

entanglements govern the dynamics of entangled polymer solutions. If interacting

with a polymer solution at timescales much greater than τ rep, entanglements are freely

abandoned and a viscous flow is observed [36]. At timescales significantly shorter than
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τ rep, entanglements are locked in and the mechanics are governed by the relaxation of

monomers within the polymer chains, as would be expected from a solid. However,

when the interaction times are on the order of τ rep, viscoelastic responses are observed

where some energy is elastically stored in the distorted entanglement network, whereas

the remaining energy is dissipated through viscous flow of the polymer solution [36].

Experimentally, there is no direct way to measure τ rep, but by using experimental

techniques to probe the conformation of polymer chains and the diffusion rates, τ rep

can be calculated. The conformation of the polymer can be determined by a variety

of techniques including small angle neutron scattering, which allows a direct measure-

ment of the end-to-end distance of a polymer [43]. Since the degree of polymerization

is usually known for a selected polymer, by treating the end-to-end distance as a

random walk, the correlation length can be determined as the step size that allows

for this random walk. The diffusion coefficient can be measured using specialized

techniques such as Nuclear Reaction Analysis (NRA). NRA is a nuclear spectroscopy

technique, in which a sample is irradiated by nuclei of defined energies, leading to a

nuclear reaction with a sharply defined resonance energy [44]. Through this reaction,

a nucleus is usually in an excited state, leading to an immediate decay, which emits

radiation that can be detected and characterized. In one experiment to character-

ize the diffusion of polymers in entangled solutions, two thin polymeric films were

made with high Mw protonated and deuterated polystyrene, respectively [45]. When

brought into contact at higher temperatures, a sharp interface existed at first, but

over time the polymers from each thin film could diffuse into the other. Based on

reptation theory, only those polymers with free ends near the interface would be able

to diffuse, and as this occurred at the interface, the depth of interpenetration was

characterized using NRA, as a function of time, allowing a calculation of the diffusion

coefficient [45]. Coupled with the neutron scattering measurement for the correla-

tion length, this allows a calculation of τ rep. Although other techniques can be used

to quantify this diffusion, such as Nuclear Magnetic Resonance (NMR) spectroscopy

[46], dielectric spectroscopy [47], and fluorescence microscopy [48], they are often just

as complicated.
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1.4 Collagen fibre manufacturing and contact drawing

At the end of section 1.2 was the presentation of liquid bridges that were stable for

10s of seconds and others that were fully stable. In the report, the authors argued

that this long term stability was due to the relaxation time of entanglements within

their methylcellulose solutions [24]. In the case where entanglements form during

the liquid bridge process, these entanglements are accompanied by elastic properties

which would stabilize the liquid bridges [49]. Stablized liquid bridges of a biopolymer

such as methylcellulose show the potential application of using liquid bridges to create

fibres containing biological and biocompatiable materials, which has been an extensive

interest for both academic and industrial research.

One example of this is in creating properly assembled collagen fibres. Collagen is

the most abundant protein in the human body, and plays a critical role in the struc-

ture and architecture of various tissues [50]. With over 29 sub-types of collagen, the

most abundant collagen is type I, which has a fibrillar architecture and is essential

for maintaining structure and function of tissues [51, 52]. As such, type I collagen

has many biomaterial applications, including in cell culture, tissue engineering, and

regenerative medicine. Currently, isolated collagen molecules in solution are com-

mercially available, but developing assembled collagen structures for cell and tissue

growth has been a long-standing challenge.

At the moment, one of the most popular techniques for fabricating synthetic

collagen fibres is electrospinning [53]. The traditional electrospinning setup is shown

in Figure 1.7. Polymer solutions, often in volatile solvents, are extruded through

a narrow pipette using a pump [54]. Once a droplet has formed, the tip of the

pipette is subject to tens of kilovolts. Due to this, the charge repulsion within the

droplet overcomes the surface tension holding the droplet, and a jet of solution is

expelled towards the grounded substrate [55]. As the liquid is projected towards the

substrate, the volatile solvent rapidly evaporates, and a polymeric fibre is formed.

During this ’jetting’ process, the fibre is subjected to extremely high accelerations,

which stretch the fibre and lead to the sub-micron fibre diameters obtained by this

technique [56, 57]. To form fibres however, the polymer solutions must be in the

entangled regime, as entanglement is necessary to stabilize the polymer jet [58]. The

relaxation times associated with polymer entanglements must be long enough that
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Figure 1.7: A schematic of the electrospinning setup is shown here. A polymer solution
is extruded to a narrow pin, and subjected to an extremely high voltage. The charge
repulsion expels the solution towards the grounded substrate, during which time solvent
evaporates and a fibre is formed. Image reprinted from [54] with permission.

adequate evaporation of solvent can occur, forming a stable fibre. In cases where the

concentration is lower, electrospun fibres are seen to have beaded structures, and at

concentrations significantly lower than the entanglement concentration, this process

only produces droplets and is known as electrospraying [58].

With the addition of collagen, electrospinning can produce sub-micron fibrillar

structures which are similar to native collagen, and these structures can be collected

with some control over the alignment and porosity [59]. However, electrospinning

requires highly specialized equipment in order to obtain the tens of kilovolts needed

for the process [54]. Furthermore, electrospun fibres are often subject to volatile

solvents and extremely high shear rates, which can denature the collagen, making

the fibres inadequate for the desired final applications [60, 61, 62]. To overcome the

volatile solvents and high shear rates of electrospinning, another popular technique to

produce collagen fibres is wet-spinning [63, 64]. In wet-spinning, a collagen solution is

slowly extruded through a 100-400 µm hole into a coagulation bath which forms the

liquid stream into a gel-like collagen fibre [64]. These gel-like fibres are subsequently

dried and stretched to form the final fibre. Although this method preserves the

structure of collagen molecules, it is extremely slow, producing only a single relatively

large (>20 µm diameter) fibre [63, 64].

As an alternative to these methods, the Frampton lab has shown that a 50 %wt

solution of dextran in water which is interposed between two flat surfaces that are
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then pulled apart, can from an array of stable polymer fibres 10s of micrometers

in diameter and meters in length [1]. This process has since been called contact

drawing. By integrating collagen and creating 3D structures, contact drawn collagen-

containing fibres were able to support aligned cell growth, showing their potential as

a biomaterial in cell culture and regenerative medicine [2]. However, the mechanism

for fibre formation and the structure of final fibres has not previously been fully

characterized.

1.5 Motivation for the current work

The goal of this thesis is to uncover the underlying mechanism of fibre formation in

the contact drawing process. The contact drawing process has dynamics related to

all of the preceding subsections. Starting with a polymer solution interposed between

two flat surfaces, that are subsequently pulled apart, contact drawing creates liq-

uid bridges of polymer solutions. However, unlike any liquid bridge studies, contact

drawing exists in a regime where the length of the bridges is at least 3-4 orders of

magnitude greater than the radius. Since these polymer solutions are extremely con-

centrated, the polymer dynamics are likely in the entangled regime, and thus exhibit

viscoelastic effects. The result of forming stable fibres resembles the electrospinning

process, where a balance between relaxation time and solvent evaporation is critical

to fibre formation. With these existing processes, fibre formation in contact drawing

was analyzed. A horizontal contact drawing system was developed, which allowed

single fibre formation to occur. This experimental system used a motorized linear

stage, allowing precise control over the length and speed at which fibres were formed.

By controlling the solution properties (dextran molecular weight and concentration)

and the interaction time with the solution, the success of fibre formation was charac-

terized with a focus on polymer entanglements. Additionally, to understand the final

fibre structures, the fibre diameters were characterized with solution properties and

fibre formation conditions.
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Materials and Methods

2.1 Overview

This section describes the materials used throughout the experiments, the custom

made experimental apparatus, and the experimental and analytical steps for the var-

ious parts of this study. Appendix A contains the designs for all 3D printed parts,

Appendix B outlines preliminary data that informed this final experimental design,

and Appendix C contains solution characterization data.

2.2 Experimental setup

In order to understand the fibre formation process, an experimental apparatus capable

of drawing single fibres was created, and is shown in Figure 2.1. To draw fibres, a

steel micro-needle with a tip diameter of 0.1 mm and a shank diameter of 0.5 mm

was purchased from Ted Pella (product no. 13601C). The micro-needle was screwed

into a Ted Pella Micro-Tool Handle (product no. 13600), which has a diameter of

approximately 7 mm and a length of 120 mm. For controlling the movement of

the micro-needle, the handle was mounted onto a 100 mm linear translation stage

(Thorlabs DDSM100/M), using 3D printed mounts. The mounting system consisted

of two blocks with cylindrical cavities to hold the handle, which was fixed with set

screws. All 3D printed parts were made of B9R 2 BlACK photopolymer resin using

a B9 Creator 3D printer, and all CAD drawings are shown in Appendix A.

The stage was operated with the Kinesis software from Thorlabs, in which a simple

program was written to control the speed and the distance of travel. To calibrate the

actual speed, the stage was programmed to move the entire distance of the stage (100

mm) at a set speed, stop for 2 s, and travel the entire distance again at the same speed.

This 2 step movement was recorded using an Edgertronic high speed camera fitted

with a Nikon Nikkor 50 mm lens, in increments of 60 mm/s, from 2-600 mm/s (as

15
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Figure 2.1: Contact drawing system and accompanying schematic diagram. The sys-
tem consists of a steel micro-needle mounted with 3D printed fittings onto a 100 mm
translation stage. The polymer solution is held in the 50 µL 3D printed reservoir.
The micro-needle can reach 4 mm deep into the reservoir. An Edgertronic high speed
camera is used to take photos and videos of the contact drawing process. Scale bar =
10 mm.
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programmed in Kinesis). By measuring the time between the start and end of these

100 mm movements, the actual speed could be measured and is shown in Figure 2.2.

The set speeds slower than 80 mm/s were calibrated at smaller incremental steps,

to have more accuracy in the low velocity trials. In this study, the acceleration was

always set to the maximum (5000 mm/s2) and since the maximum speed was found

to be approximately 400 mm/s, the set speed was always reached in 0.08 s or less.

Therefore, we assumed fibre drawing occurred at constant velocities.

A reservoir for the polymer solutions was 3D printed. The reservoir was a 2×5×5

mm rectangular prism (50 µL), with an open top and front face to allow filling with

a syringe and the micro-needle to enter and draw fibres (see Figure A.2 for a drawing

of the reservoir). This reservoir was mounted using 3D printed fittings so that the

micro-needle could reach a depth of approximately 4 mm into the dextran solution

(see Figure A.3 for a drawing of the mount). This was the depth used for all fibre

drawing experiments.

The high speed camera was a constant part of the experimental setup, and was

used to record videos of the fibre pulling process. These videos were later analyzed

to understand key components of the fibre formation process, including the specifics

Figure 2.2: The calibration curve obtained for the contact drawing setup. The set
speed was programmed using the Kinesis software from Thorlabs, and the measured
speed was obtained using high speed videos.



18

of failure modes and the dynamics of the polymer solution near the reservoir.

2.3 Solution preparation

In this study, highly concentracted solutions of dextran were examined. The molec-

ular weights (Mw) of dextran were: 70, 150, 250, and 500 kDa, as provided by the

manufacturer. The 250 kDa dextran was purchased from Pharmacosmos and the

70, 150, and 500 kDa dextrans were purchased from Dextran Products Limited. For

all failure analysis tests (section 2.4 below), Deionized (DI) water was used as the

solvent. For the fibre diameter studies (section 2.5 below), both DI water and type I

collagen in 0.02 N acetic acid (rat tail collagen I from Corning) were used as solvents.

To prepare a solution, the desired Mw dextran was selected, and the mass was

measured in a plastic weighing dish. Then, the corresponding mass of solvent (DI

water or collagen solution) was added to obtain the desired concentration (%wt dex-

tran). The dextran and solvent were gently mixed together with a plastic pipette

tip, until the solution appeared to be homogeneous. The solution was then trans-

ferred into a 1 mL syringe, to prevent evaporative loss of the solvent, and provide a

simple way to fill the reservoir. The error on concentration was always less than 1

%wt, and can be attributed mainly to any evaporative loss of solvent, as quantified

in Figure C.1.

The range of solution concentrations studied were approximately 40-50 %wt for

500 kDa dextran, 45-55 %wt for 250 kDa dextran, 53-58 %wt for 150 kDa dextran,

and 59-64 %wt for 70 kDa dextran. At each Mw, the lower concentration limit was

defined by the minimum at which fibre formation was observed, and the maximum

was defined by a saturation limit, where the polymer could no longer be fully mixed

into the solvent.

2.4 Failure analysis

To understand the mechanism of fibre formation, the contact drawing setup outlined

in section 2.2 was used to study the parameters controlling successful fibre formation.
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2.4.1 Experimental

Using a syringe, the liquid reservoir was filled with 50 µL of the desired dextran

solution. The solution was replaced every 10 minutes to mitigate any effects of solvent

evaporation (see Figure C.1), and to ensure that the volume of liquid in the reservoir

was not depleted. Once filled, the stage was programmed to enter the reservoir at a

speed of 29 mm/s to a depth of approximately 4 mm. At this depth the needle was

stopped for 0.5 s, and then drawn at a controlled speed (vpull) for the entire stage

length; 100 mm. Thus, a pull duration (τpull) could be defined as:

τpull =
100mm

vpull
. (2.1)

It is important to note that because the maximum acceleration time is 0.08 s, and

the minimum τpull is 0.25 s, τpull was always much larger than the time needed to

accelerate, and constant velocities over τpull were assumed.

During the pull step, it was observed whether a 100 mm fibre was formed, or if

fibre formation failed before the stage travelled the full 100 mm path length. This

observation was done by eye, using a bright LED lamp and a black backdrop. The

set-up was well illuminated and the fibres scattered light, making them visible to a

trained observer. Furthermore, when fibre formation failed, the free end would flail,

making failure easy to spot. After each pull, the needle was cleaned with a Kimwipe

soaked in ethanol.

In this study, two failure modes were observed. Mode I failures were termed

relaxation failures, where a fibre was released from one or both ends before the pull

step was complete. Mode II failures described trials where a droplet of solution was

stranded on the fibre, and caused the fibre to droop and fall before the pull step was

complete.

For a specific dextran solution (Mw and concentration), at least 15 trials were

conducted at each τpull. From this, a failure rate could be determined as:

failure rate =
# of failed trials

# of total trials
× 100%. (2.2)

In each set of trials, a minimum τpull was selected such that a 0% failure rate was

observed. In corresponding sets, the τpull was incrementally increased until a 100%

failure rate was observed.
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2.4.2 Analysis

Using the MATLAB Curve Fitting Tool, the data for failure rate as a function of τpull

were fit with a Weibull Cumulative Distribution Function (CDF) [65]. This function

is defined as:

failure rate = 1− exp

[︃
−
(︂τpull

a

)︂k
]︃

(2.3)

where a is the scale parameter, and k is the shape parameter. Data sets were only

fit if they had at least 3 failure rates that were not 0% or 100%. From these fits, the

parameters a and k could be used to generate the corresponding Weibull probability

density function (PDF):

d

dτpull
(failure rate) =

k

a

(︂τpull
a

)︂k−1

exp

[︃
−
(︂τpull

a

)︂k
]︃
. (2.4)

The PDF was used to analyze the width of the distribution being fit, as the pre-factor

k
a
played a critical role in determining the spread of the distribution.

2.5 Fibre diameter

This set of experiments was conducted to understand how the fibre diameter was

controlled by τpull, dextran Mw, solution concentration, and choice of solvent. Due to

the optics of the system, these diameters could not be measured during the pulling

process. Instead, the fibres were collected on a glass slide and imaged afterwards.

2.5.1 Experimental

The first set of experiments characterized the relationship between fibre diameter

and τpull. For these experiments, 3 solutions of 500 kDa dextran were made, at 42.5,

47.5 and 50.0 %wt dextran in water. Following the same steps as in subsection 2.4.1,

these solutions were loaded into the reservoir, and a fibre was pulled at a desired τpull.

This fibre was then collected on a 25× 75× 1 mm glass slide (Ultident 170-7107A),

with a 25 mm strip of double sided tape on each end. This was repeated until 5

fibres produced at the τpull were collected, and then this glass slide was capped by

a 24 × 50 × 0.15 mm glass coverslip (Deckgläser 470819). The capping layer helped

keep the fibres attached to the glass slide, making them easier to image. Fibres were



21

collected at several τpull for each concentration, and then the fibres diameters were

measured optically, as described in subsection 2.5.2 below.

For the second set of experiments, the relationship between fibre diameter and

solution properties (dextran Mw and %wt dextran) were analyzed. For these exper-

iments, 70, 150, 250, and 500 kDa dextrans were used at various concentrations of

dextran. The fibres were created and collected in the same way as the first set of

experiments, except that for all trials the τpull was fixed at 0.25 s. This low τpull

allowed the broadest range of solutions to produce 100 mm fibres.

2.5.2 Analysis

The fibres were imaged using a Nikon Eclipse Ti optical microscope, fitted with a

40x objective. The fibres were imaged within a few hours of collection due to the

hygroscopic nature of dextran, and its ability to absorb water from the air. Each

fibre was imaged at 3 points, and each point was approximately 1 cm apart along the

length of the fibre. These images were then imported into ImageJ. Once imported, the

fibres were converted to binary, which made the edge of the fibre much more apparent.

The binary images were processed by the ImageJ smooth function, which averaged

the pixels in a 3x3 matrix. The smooth function removed the rough pixelated edges

of the binary fibre, simplifying edge finding. Then, the fibre diameters were measured

using the line tool in ImageJ, with a line width of 200 pixels. This process is shown

in Figure 2.3. Using a wide line allowed each measurement to be an average over 17

Figure 2.3: Fibre diameters are measured using ImageJ. (a) The fibres are imaged
using a Nikon optical microscope, and the images are imported into ImageJ. (b) The
images are converted into binary, and processed using the smooth function. (c) On
the processed images, the fibre diameter is measured using the line tool with a width
of 200 pixels, or approximately 17 µm.



22

µm of fibre length, and reduced error by ensuring the line was perpendicular to the

fibre length.



Chapter 3

Results

3.1 Overview

To characterize the mechanism of fibre formation, the experimental apparatus from

section 2.2 was used to draw liquid bridges. For a selected dextran solution, the needle

was drawn at a speed such that a 10 cm liquid bridge was formed with 0% failure

in at least 15 trials. In subsequent runs, the draw speed was decreased until a 100%

failure rate was observed for at least 15 trials. To understand the fibre formation

mechanism, these failure statistics were analyzed for 24 unique conditions. These

conditions varied based on the dextran Mw and/or concentration. Dextrans of 70,

Figure 3.1: An experimental flow chart, summarizing the fibre formation analysis
experiments (blue), as well as the fibre diameter measurement experiments (orange).

23
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150, 250, and 500 kDa Mw were used, at concentrations between 58-63, 52-58, 45-55,

and 40-50 %wt, respectively.

When a 10 cm liquid bridge was formed, it subsequently dried under ambient

conditions creating a 10 cm long fibre. For a given τpull, dextran Mw, and dextran

concentration, 5 fibres were collected and imaged at 3 locations. Using these 15

measurements, an average fibre diameter was calculated. This was done with 21

unique combinations of dextran Mw and concentration, 4 of which used collagen in

acid as the solvent instead of deionized (DI) water. The fibre diameters ranged from

2-20 µm. Once dried, these fibres remained in this dry state for several months,

with no signs of a long term relaxation. This experimental process is summarized in

Figure 3.1.

3.2 Failure modes

The micro-needle was drawn from the solution reservoir, and as it travelled the 10 cm

distance of the stage it elongated a liquid bridge of the dextran solution. In a sucessful

trial, the liquid bridge was connected to both the micro-needle and to the liquid in

the reservoir, for the entire τpull. As this elongation process continued, the liquid

bridge dried under ambient conditions producing a fibre, which was still attached on

both ends when the micro-needle came to rest. Failure was generally defined as an

unsuccessful attempt to produce a 10 cm fibre, and two specific failure modes were

observed, as illustrated in Figure 3.2.

Figure 3.2: Schematics showing the two failure modes observed in the failure analysis
experiments. A relaxation failure defined trials where the fibre was no longer connected
to the liquid reservoir and/or the micro-needle before the micro-needle came to rest.
A stranded droplet failure defined a trial where a volume of liquid remained suspended
along the length of the fibre, causing the fibre to droop and fall. Relaxation failures
made up over 98% of the failures observed in this study.
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Figure 3.3: Contact drawing of fibres from a 50 %wt solution of 500 kDa dextran
and water. (a) A successful contact drawing process, where the fibre remains attached
to the liquid reservoir throughout the entire τ pull of 1.04s (left half). (b) A mode I
failure, in which the liquid bridge is seen to be fully retracted into the liquid reservoir
(bottom right panel) before t = τ pull = 5.02s. The white vertical lines highlight the
front of the liquid reservoir. Scale bar = 5mm.

More than 98% of the time, failure was categorized as a mode I relaxation failure.

In a mode I failure, the fibre was released from either the liquid reservoir or the

micro-needle before the micro-needle came to rest. With the fibres having diameters

as large as 20 µm (section 3.4), they scattered light such that this failure mode was

easily observable by eye for a trained observer. Figure 3.3 shows the prominence

of this scattered light in both (a) a successful trial, and (b) a mode I failure. The

stranded droplet failure (mode II) defined trials which failed due to a droplet of

solution suspended along the length of the drying fibre. During the drawing process,

the weight of this stranded droplet would cause the fibre to droop, and eventually fall

onto the platform of the experimental apparatus before the micro-needle came to rest.

This failure mode accounted for less than 2% of all failures observed. Since mode I

failures were the most prominent, they were of the most interest when analyzing the

mechanism for fibre formation.

3.3 Mode I failures and fibre formation

In characterizing fibre formation, sets of at least 15 trials were run at each τpull,

and the ratio of failures to number of total trials defined the failure rate. Starting

with a τpull that had a 0% failure rate, the τpull of corresponding experimentally

sets was increased until a 100% failure rate was observed. This failure rate is shown

in Figure 3.4 as a funtion of τpull for 4 different concentrations of 500 kDa dextran
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Figure 3.4: Failure rate as a function of τ pull, for 4 concentrations of 500 kDa dex-
tran in water. Each data point is the failure rate calculated from at least 15 trials.
Data sets are fit with a Weibull CDF (dashed lines, r2 > 0.9). At each concentration,
the failure rate undergoes a sharp transition from 0% to 100%. The scale parame-
ter, a of the fitting function (Equation 2.3, characterizes a 63% failure rate, and can
be extracted. The error on τ pull is less than 1%. The inset graph shows the corre-
sponding probability density function (Equation 2.4) for all 4 concentrations. As the
concentration increases, the width of the distribution also increases.

in water, where each of the data sets is fit with a Weibull Cumulative Distribution

Function (CDF).

For each of the concentrations shown in Figure 3.4, the failure rate undergoes a

sharp transition from 0% to 100% over a narrow range of τpull. The shape parameter

of the Weibull fit, k, was found to be greater than 1 in all fits, describing a system

where failure is guaranteed as time increases. The second model parameter, a, is

the τpull corresponding to a 63% failure rate. Since the transition from 0% to 100%

failure rate is extremely sharp, this model describes a system wherein a given solu-

tion is characterized by a critical timescale, and as τpull increases above that critical

timescale, the system rapidly transitions from success modes to mode I failures. The

τpull corresponding to these extracted a values were denoted τ exp, and will be referred

to as such from this point forward.
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Figure 3.5: τ exp as a function of concentration for various Mw dextrans. τ exp was
determined as the scale parameter of the Weibull fits as shown in Figure 3.4. Each
data set is fit with an exponential function (dashed lines, r2 > 0.9). Error bars not
shown, as the greatest error on τ exp is 0.4s, and errors on concentration are less than
1 %wt.

Using 70, 150, 250, and 500 kDa dextrans at various concentrations in water, a

total of 24 data sets of failure rate as a function of τpull were obtained and fit, similarly

to Figure 3.4. In these 24 data sets fit with a Weibull CDF, 19 data sets had an r2 >

0.90, with the lowest r2 = 0.76, showing the data was well represented by the Weibull

model. Each fit had a k > 1, reaffirming that in every situation, the probability of

failure increased as τpull increased, and was gauranteed to reach 100%. From all 24

fitted data sets, the τ exp was extracted and plotted in Figure 3.5 as a function of

dextran concentration.

For a given Mw, Figure 3.5 shows τ exp increases with concentration, and is fit

well with an exponential. Physically, this means that as the dextran concentration

increases, the micro-needle can be drawn at a slower speed, thus at a higher τpull,

while still successfully forming fibres. For all Mw dextrans, the range of τ exp was very

similar, and was found to be approximately 0.3 - 4.0 s. For a fixed concentration,

τ exp increases with Mw, as most clearly shown between the 250 and 500 kDa dextran

data. The inset of Figure 3.4 shows the corresponding PDF for each concentration.

As the concentration increases, the width of the PDF seems to increase, indicating
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Figure 3.6: (a) shows the shape parameter (k) as a function of concentration for 70,
150, 250, and 500 kDa dextrans. At each Mw, k tends to decrease with concentration.
(b) shows the ratio, k/τ exp, as a function of concentration for all 4 Mw. At each
concentration, the ratio clearly decreases as the concentration increases. As k/τ exp
decreases, the width of the corresponding PDF would increase.

that the range over which the transition to failure occurs gets broader with concen-

tration. Based on Equation 2.4, the pre-factor k
a
plays a critical role in determining

the amplitude of the peak in the PDF. Since the integral of each PDF must be 1, as

the amplitude decreases, the width of the distribution must increase. The extracted
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k from the 24 fits, and the ratios of k
τexp

are shown in Figure 3.6, as a function of

concentration.

Figure 3.6(a) generally shows a decrease in k as concentration increases, across

all Mw dextrans. At a fixed τ exp a decrease in k would result in a wider PDF, but

since the τ exp is changing with concentration, the ratio of k to τ exp must be analyzed.

This is shown in Figure 3.6(b), clearly demonstrating that the ratio decreases as

concentration increases, across all Mw dextrans. Thus, as the concentration increases,

the width of the corresponding PDF generally increases, suggesting a larger confidence

interval of τ exp values from the fit.

3.4 Fibre diameter

The first experimental set was focused on understanding how fibre diameter was

dependent on τpull. Figure 3.7(a) shows the diameter as a function of τpull for 42.5,

Figure 3.7: Fibre diameter is shown as a function of τ pull for 3 different concentra-
tions of 500 kDa dextran in water. (a) Each fibre diameter data point is the average
of 3 measurements on 5 fibres drawn under identical conditions. The fibre diameter
remains constant with τ pull (least squares fit, dashed lines), but increases with in-
creasing dextran concentration (%wt, legend). Bars show the standard deviation of
the average diameter measurement. Optical images of a fibre from the 50.0, 47.5 and
42.5 %wt solutions are shown in (b)-(d), respectively (scale bar = 10 µm). These
optical images show a clear increase in fibre diameter with solution concentration.
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47.5, and 50.0 %wt solutions of 500 kDa dextran and water. The range of τpull in this

experiment is from 0.25-0.55 s, because at longer τpull the 42.5 %wt solution would

no longer form fibres. From Figure 3.7(a), it is clear that at each concentration, the

fibre diameter is independent of τpull, within experimental variation. The error bars

on the plot show the standard deviation of the average diameter, and this standard

deviation is seen to increase with concentration, being the largest at 50.0 %wt. This

figure also suggests the fibre diameter increases, with increasing concentration, as

supported by the optical images in Figure 3.7(b)-(d).

With this result, the next experimental set was designed to understand the rela-

tionship between solution properties and fibre diameter. For these experiments, the

fibre length was always 10 cm, and τpull was always 0.25 s. The results are shown

in Figure 3.8, for 70, 150, 250, and 500 kDa dextrans. At each Mw, the diameter

is seen to increase with concentration (exponential fit), while the overall range of

diameters seems to be constant across the various dextrans. At a fixed concentration,

Figure 3.8: Fibre diameter as a function of concentration for 4 different Mw dextrans.
All of the fibres were 10 cm long, and the τ pull was 0.25s. The diameter data points
are the mean of 3 measurements on at least 5 fibres drawn under identical conditions.
At each Mw, the fibre diameter scales with concentration (exponential fit, dashed line).
This is also true for the 500 kDa + col fibres, where dextran was dissolved in a collagen
solution instead of DI water. Error bars represent the standard deviation of the mean.

the diameter generally increases with Mw, as most clearly seen between the 70, 150,
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and 250 kDa dextrans. The open circles in Figure 3.8 show fibre diameters of 500

kDa dextran dissolved in a 8.7 mg/ml solution of collagen in acid. These data points

overlap the 500 kDa dextran in water data well, indicating that a small incorporation

of biological material does not impact the fibre formation. This suggests that the

dextran plays the main role in both fibre formation and diameter tunability. Similar

to Figure 3.7, this graph also shows an increase in the standard deviation with con-

centration, as seen at each Mw, suggesting that the variance in diameters is likely to

have a concentration dependence.

3.5 Key findings

With over 360 trials characterizing failure of fibre formation, and over 100 fibre di-

ameters measured, it is necessary to highlight the key results. Figure 3.4 showed that

at each concentration, the failure rate sharply transitioned from 0% to 100% over a

short range of τpull. These data were fit with Equation 2.3, and the scale parameters

were extracted as τ exp. These τ exp values defined a characteristic timescale for each

solution, such that at τpull less than τ exp, fibre formation was likely to be successful,

and as τpull increased, the probability of failure would also increase. When τ exp was

analyzed as a function of solution properties in Figure 3.5, τ exp was found to increase

with concentration (exponential fit), and was also seen to increase with Mw at a fixed

concentration.

For the fibre diameters, Figure 3.7 shows that fibre diameter was independent of

τpull. However, when measured as a function of solution properties in Figure 3.8,

diameter was seen to increase with concentration (exponential fit), and also seen

to increase with Mw at a fixed concentration. The addition of a small amount of

collagen did not have any measurable impact on the fibre diameters, showing that

small amounts of biological materials can be incorporated while still predicting the

fibre diameter.

In both the fibre formation and fibre diameter studies, variance was seen to de-

pend on solution concentration. For the fibre formation studies, this was shown in

Figure 3.6(b), which suggested the width of the corresponding PDF increased with

increasing concentration, across all Mw dextrans. In the fibre diameter experiments,

this was most clearly demonstrated in Figure 3.8, where the standard deviation on
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the diameter measurements increases with concentration.



Chapter 4

Discussion

4.1 Mechanism of fibre formation

4.1.1 Entangled solutions

To understand the contact drawing process and the key parameters controlling fibre

formation, τpull was varied and fibre formation was observed for various solutions of

dextran in DI water. At a fixed concentration and Mw, Figure 3.3 showed that at

low τpull fibre formation was successful, but as τpull was increased, mode I failure

was observed. By conducting trials at incrementally increasing τpull for a variety of

concentrations and Mw dextrans, data of the increasing failure rate as a function of

τpull was obtained, as shown in Figure 3.4. Each data set was fit with a Weibull

Cumulative Distribution Function (CDF), which allowed the extraction of a τ exp,

corresponding to a critical timescale defining the transition from success to failure.

In over 98% of cases, the failure was a mode I: relaxation failure, in which the liquid

bridge attaching the fibre by one of its ends fully retracted, and the fibre was released.

Since this was the dominant failure mode, it will be the focus of this discussion.

Another interpretation of this transition from success to failure is that of an elas-

tic response to a viscous response: an elastic response would define fibre formation,

whereas a viscous response would define the relaxation failure. In order to illicit this

viscoelastic behaviour, the dextran solutions must have concentrations high enough

that they are in the entangled regime. Through small-angle x-ray scattering experi-

ments, it is known that dextran forms random coils in water, meaning that water is

a θ-solvent for dextran [66]. Previous studies have shown that for 70 and 500 kDa

dextran in water, the overlap concentration (c∗) is 10.4 and 5.0 g/dL or 11.6 and 5.3

%wt, respectively [67]. Although a complete theoretical understanding of estimating

the entanglement concentration (ce) is lacking, a previous study using dynamic light

scattering quantified the ce of aqueous 500 kDa dextran solutions to be 19 %wt [68].

33
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In the same study, McCurdy and coworkers calculated a c∗ of 4.7 %wt, such that

ce ∼ 4c∗. In this study, our concentrations are up to 5 (70 kDa) and 10 (500 kDa)

times larger than c∗ (from [67]) such that all solutions we investigated were likely to

be in the entangled regime.

Based on reptation theory (see section 1.3 for a more detailed background), at

polymer concentrations above ce polymers form temporary entanglements, which re-

lax on the characteristic timescale known as the reptation time (τ rep) [42]. In this

model, a linear polymer is trapped in a tube, wherein the tube is defined by all of

the intersections between the linear polymer and other polymers in the solution [69].

Thus, the linear polymer cannot diffuse laterally through the other polymers, and

therefore the diffusion of the linear polymer is limited to one-dimension, which is

defined as the dimension of the tube. As this polymer diffuses, τ rep defines the time

it would take for the polymer to completely diffuse out of its current tube, into a new

tube, defined by intersections with a different set of other polymers [70]. Therefore in

interacting with the system, if the interaction time is significantly longer than τ rep,

entanglements within the polymer solution will be abandoned and a viscous response

will be observed where the solution flows freely. Interactions with the system at

timescales much shorter than τ rep would cause the entanglements to act as tempo-

rary crosslinks and an elastic response would be observed. In the intermediary regime,

where interaction times are close to τ rep, a viscoelastic response is observed, where the

polymer solution elastically stores some of the interaction energy via entanglements,

and flows to dissipate the remaining energy.

4.1.2 Applying reptation theory to fibre formation

In this study, all of the dextran solutions had concentrations 5-10 times above c∗,

suggesting they were in the entangled regime. Figure 3.4 shows time-dependent tran-

sitions between an elastic response (successful fibre formation) to a viscous response

(mode I relaxation failure), representing a system where entanglements could be the

main mechanism for fibre formation. This would suggest the τ exp extracted from

the Weibull fits could be an experimentally determined τ rep. This equivalence also

provides an explanation for the trends seen in Figure 3.5, namely the increase in τ exp
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with concentration at a fixed Mw, and the increase in τ exp with Mw at a fixed con-

centration. At a fixed Mw, an increasing concentration would lead to an increase in

the entanglement density [58]. Thus, each polymer would have to abandon a greater

number of entanglements to flow freely, leading to an increase in the time necessary

to do so (τ rep). At a fixed concentration, Figure 3.5 showed an increase in τ exp with

Mw, most clearly seen between the 250 and 500 kDa dextrans. In this case, the en-

tanglement density remains unchanged, but doubling the Mw is analogous to joining

two polymers end-to-end. Thus, each polymer would have to escape twice as many

entanglements to flow, explaining the increase in τ exp observed. Thus, by assuming

τ exp is an experimentally determined τ rep the trends of Figure 3.5 can be explained,

supporting this equivalency.

In entangled solutions of neutral (without free charges) polymers in θ-solvents,

reptation theory predicts a universal scaling according to:

τrep

Mw
3 ∼ c7/3, (4.1)

where c is the concentration of polymer in solution [32]. Figure 4.1 shows the τ exp

from Figure 3.5 re-scaled with Mw
-3. This re-scaling collapses the data across all Mw

and 2.5 decades of concentration, onto a single exponential trend. The fact that a

universal trend can be achieved based on the reptation theory prediction supports

the conclusions that entanglements are the main mechanism for fibre formation in

contact drawing, and that τ exp can be interpreted as an experimentally determined

τ rep.

Although limited studies on contact drawing exist, the role of entanglements in

electrospinning of fibres is well known. When preparing the polymer spin dope for

electrospinning, it is necessary to have polymer concentrations greater than ce in order

to successfully form fibres [71]. At lower concentrations, electrospinning does not

form fibres but creates droplets instead, defining a droplet printing technique known

as electrospraying [58]. Thus for electrospinning to successfully occur, entanglements

are necessary to create a fibre, as they stabilize the extruded volume of liquid from

breaking apart into droplets due to the Rayleigh instability [58]. These entanglements

must have a τ rep large enough that adequate evaporation of solvent can occur from

the forming fibre, such that the fibre is essentially solid [72]. As the solvent rapidly

evaporates from the fibre, studies show that these fibres form a highly concentrated
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Figure 4.1: A semi-log plot of τ exp re-scaled as τ exp/Mw
3, as a function of concentra-

tion of dextran in solution. The data collapses on to a single universal exponential
trend (dashed line, r2 = 0.998). Error bars cannot but seen, but the largest error
(90% tolerance) on τ rep is 0.4 s at 500 kDa dextran. Errors on concentration are less
than 1 %wt.

shell structure, in which diffusion can no longer occur and therefore entanglements

cannot relax [58]. Therefore, it would be expected that entanglements play a similar

role in contact drawing where they stabilize the liquid bridge forming as the micro-

needle is drawn, and as the solvent rapidly evaporates diffusion is severely restricted,

freezing the polymer structure within the formed fibre.

4.1.3 Deviations from reptation theory

Despite the fact that Figure 4.1 shows the data well fit (r2=0.998) with an expo-

nential, reptation theory predicts τ rep/Mw
3 to scale as a power law in concentration

(Equation 4.1). However, reptation theory is based on monodisperse linear polymers,

whereas the dextran is polydisperse (polydispersity index = 9.1 for 500 kDa dextran,

per supplier), and is known to branch at high Mw [73, 74, 75]. Although presenting

the dynamics of a polydisperse and branched polymer network is beyond the scope

of this thesis, it is important to briefly discuss how these factors would impact the

experimental results.
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In reptation theory, a long chain linear polymer diffuses along a confined tube.

The tube is defined by all of the points at which the polymer intersects other poly-

mers in the solution, known as obstacles. If monodispersity is assumed, this tube

can be treated as a fixed cage, because all obstacles would have the same relaxation

time as the polymer of interest. Therefore, if an obstacle is to relax, it is equally

likely for a new obstacle to appear, such that a fixed cage assumption is valid [41].

However, polydispersity does not allow for the fixed cage assumption, as obstacles

of different lengths would have different relaxation times, creating a range of obsta-

cle lifetimes. Obstacles defined by shorter polymers would relax earlier, decreasing

the number of entanglements, and thereby increasing the diameter of the cage along

which the polymer is diffusing [76]. Although this polydispersity does not inhibit

reptation, it does indicate that a distribution of τ rep is to be expected. This has been

experimentally verified for aqueous dextran solutions with concentrations > c∗ using

pulsed field gradient nuclear magnetic resonance to quantify the distribution of diffu-

sion coefficients within a polydisperse dextran solution [77]. Compared to the range

of diffusion coefficients that would be expected from independently testing all of the

different molecular weights in the mass distribution, this study found a much narrower

range of diffusion coefficients for the ensemble. This suggests a mechanism exists for

ensemble averaging of the diffusion coefficients. Within an entangled solution, this

averaging would be a direct result of reptation, as all polymers are connected through

the entanglement network [77]. In the present study, the polydispersity index (PDI)

is known for 500 kDa dextran to be 9.1 (as per manufacturer), which is significantly

larger that the 1-3 PDI of the dextran used in [77]. This means that the polydisper-

sity of at least the 500 kDa dextran used here is significant. Although studies have

shown an ensemble averaging of relaxation times in polydisperse dextran solutions,

the increased degree of polydispersity within this study would partially contribute to

the width of the distributions in Figure 3.4.

High Mw dextrans are known to branch, which violates another major assumption

of the reptation model. The assumption of a linear molecule allows a one-dimensional

approximation of the molecule’s diffusion through its tube. If a polymer is branched,

reptation can be inhibited because the branched component of the polymer will also

occupy an additional tube [78]. The tube of the polymer backbone and the branch
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cannot be parallel, and therefore the polymer can no longer diffuse in one-dimension.

However, for this to occur the length of the branched chain must be larger than the

diameter of the tube through which the polymer is diffusing [77]. Although this has

not be quantified in this study, the fact that reptation is occurring as supported by

the observed relaxation failures, it is unlikely that there exists a large degree of long

branched side chains. Within the limit that the branching does not inhibit repta-

tion, it changes the polymer’s configuration and would therefore have an effect on

the dynamics of the polymer solution. If two molecules had the same Mw, but one

was branched, the branched molecule would occupy a smaller pervaded volume than

the linear molecule. Thus, at a fixed Mw, a solution of branched molecules would

have a larger c∗, and therefore ce, than a solution of linear molecules [79]. If the

branched side chains are sufficiently short such that they do not inhibit reptation, as

the solution concentration is increased well above c∗, entanglements will dominate the

solution behaviour [38]. Therefore, these branched dextran molecules can be treated

as shorter molecules, which would further contribute shorter times in the distribution

of τ rep.

In theory, a solution with a well known polymer concentration and Mw should

have a well defined τ rep. However, in this work we see that τ exp has some distri-

bution over τpull (Figure 3.4), defined by the fitting parameters of the Weibull fit

(Figure 3.6). This is partially explained by the polydispersity and branching of the

dextran, but variances in solution concentration would also have an effect on this.

The concentration directly controls the entanglement density, which in turn controls

τ rep. Experimentally, mixing higher concentration solutions was harder as the dextran

would not dissolve as well into the solvent. Since the distribution of the extracted

τ exp increases with concentration (seen in Figure 3.6(b)), and at increased concen-

trations solutions were less homogeneous, it is likely that local variances in solution

concentration had a critical role in producing a broad distribution of τ exp rather than

a well-defined value. Despite the polydispersity of the dextran, any branching that

may be present, and the variances in concentrations, the universal scaling achieved in

Figure 4.1 shows that the reptation model is still applicable, supporting the assertion

that entanglements play a critical role in fibre formation.
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4.1.4 Weibull failure model

In proving the role of entanglements in fibre formation, and experimentally deter-

mining τ rep for a variety of solutions, the Weibull model was used. The adoption of

this model was motivated by two key factors. Firstly, it is a two-parameter model,

where both parameters have physical analogues. The scale parameter, denoted τ exp

in these studies, defines the τpull corresponding to a 63% failure rate. Physically, this

was interpreted as the critical timescale characterizing the transition from an elastic

response to a viscous response. Although it is possible that using 63% failure rate

rather than 50% could lead to an overestimation of τ rep, Figure 3.3 shows that the

failure rate increases rapidly, even at high concentrations, such that the difference in

τpull at 50% compared to 63% is extremely small. This is further supported by the

expected universal trend shown in Figure 4.1, which fits the τ exp data almost perfectly

(r2 = 0.998). The shape parameter, k, described the width of the CDF, which repre-

sents the distribution of τ rep in the dextran solutions. Since τ rep has a concentration

dependence, local variances in concentration would lead to variances in τ rep, and this

distribution would increase with increasing concentration, as shown in Figure 3.6(b).

At higher concentrations, the solutions were less homogeneous due to difficulty in mix-

ing, explaining the increased distribution characterized by k. Secondly, the Weibull

model has been used extensively in the literature to study time-dependent failure,

such as compressive failures in rock [80], fracture failures in fibres [81], and strength

testing of dental materials [82]. This made physical interpretation of the parameters

simple, as many studies focus on the details of both the scale parameter representing

a time to failure, and the shape parameter representing the distribution of failure rate

over time [83].

Although the τ rep values extracted using the Weibull model fit the universal trend

well (Figure 4.1), this success is not dependent on the choice of this specific model.

In fact, many sigmoid functions would have worked just as well, as these functions

define the ’S’ shaped transitions observed in Figure 3.4, and allow control over the

width of the distribution (k in the Weibull model) and the location of the curve along

the x-axis (a in the Weibull model) [84]. Generally, the benefit of the Weibull model

over sigmoid functions is that the Weibull function easily characterizes systems in

which failure rate does not sharply transition to 100%, but this was never relevant
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in this work. An even simpler route could be to take the average of the highest τpull

corresponding to a 0% failure rate, and the lowest τpull corresponding to a 100%

failure rate. The estimations for τ exp from this approach are shown in Table 4.1

(average τpull), along with the actual τ exp extracted from the Weibull function, for all

of the concentrations studied with 500 kDa dextran. The average difference between

the values was only -0.05 s, the average magnitude of difference was 0.16 s, and the

largest difference was -0.42 s at 50 %wt. These differences tend to increase with

concentration, which is expected due to increase in concentration variance at high

concentrations, which is a key contributor to the distribution in τ rep observed in this

study. Since the values of an extremely arbitrary approach of averaging τpull yields

similar results to τ exp values extracted from the Weibull fits, it is unlikely that the

choice of fitting model was critical to the experimental results found in this study.

Table 4.1: Comparing the τ exp extracted from the Weibull model fits, to the average
τpull between 0 and 100 % failure rate for each experimental set, for all data sets
of 500 kDa dextran. The average difference between the Weibull parameter and the
average τpull approach is -0.05 s, the average magnitude is 0.16 s, and the largest
single difference is -0.42 s.

Concentration (%wt) τ exp from Weibull (s) Average τpull (s) Difference

41.2 0.36 0.27 0.09
42.5 0.48 0.46 -0.08
42.7 0.51 0.42 0.09
44.0 1.04 0.92 0.12
45.0 0.92 0.97 0.05
46.2 1.81 1.62 0.19
47.6 2.67 2.83 -0.16
48.5 2.96 3.17 -0.21
50.0 3.72 4.14 -0.42

4.2 Fibre diameters and secondary flows

4.2.1 Liquid bridge to polymeric fibre

In creating fibres, the first step was to load a solution with a known concentration and

Mw into the reservoir. This solution was contacted with the micro-needle, and the

micro-needle was then withdrawn 10 cm at a constant speed. As the micro-needle was
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withdrawn, a small liquid bridge formed, which would elongate as the micro-needle

travelled. During this elongation, solvent would evaporate from the liquid bridge

creating a dry fibre along the central portion, replacing the liquid bridge. This now

dry fibre was still connected to the micro-needle and liquid reservoir via liquid bridges

that still existed at the ends. This defined two intersections between the solid fibre

and liquid polymer solution. Once the needle came to rest, the liquid bridges would

continue to flow towards their anchor (the liquid reservoir or the micro-needle), until

a full 10 cm dry polymeric fibre was created. If kept in dry air, these fibres had

long term stability and would remain solid for at least 8 months. Therefore, these

fibres either dried completely, or had a dry polymeric shell that restricted any more

solvent evaporation from the core of the fibre, which has been seen in other fibre

manufacturing processes [58]. The final solvent content, or cross-sectional composition

was never quantified in this study, but the fibres were seen to be stable for at least 8

months. This long term stability proves that the fibres were dry enough that diffusion

of polymers no longer occurred at an observable timescale. However, dextran is known

to be hygroscopic, and the water content of the fibre likely matched the humidity of

the air they were kept in [85]. For this reason, fibre diameters were characterized

immediately after fibre formation.

Within the fibre drawing process, the parameters that could control the fibre

diameter would be the duration of pull (τpull), and the solution composition (dextran

Mw and concentration). By drawing fibres at 3 concentrations of 500 kDa dextran

in water at various τpull, it was observed that the fibre diameter was independent of

τpull within variance (Figure 3.7). However, Figure 3.7 showed a clear increase in fibre

diameter with solution concentration. In Figure 3.8, fibre diameters were measured

across all 4 Mw dextrans, for a range of concentrations at τpull = 0.25 s. These data

also show a clear increase in fibre diameter with concentration at a fixed Mw, as well

as an increase with Mw at a fixed concentration. Since τpull does not affect fibre

diameter but the solution properties do, it is likely that fibre diameter is controlled

during the flow process of the liquid bridges connecting the fibre by its ends, once the

micro-needle has come to rest.
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4.2.2 Secondary flow

To analyze this process, videos were recorded observing the flow of the liquid bridge

back into the reservoir, as the bridge was still attached to the dry fibre. Timestamped

images of this process are shown in Figure 4.2, for a (a) 45 %wt and (b) 50 %wt 500

kDa dextran solution. In both instances, the τpull was 0.25 s, and the first image (t =

0 s) was taken as the needle came to rest. The first frame of both (a) and (b) shows

the characteristic liquid bridge profile of polymer solutions (as seen in Figure 1.3) with

conical ends connected to a thin liquid cylinder. Figure 4.2 shows the last step of the

fibre formation process, in which the conical end of the liquid bridge connecting the

fibre to the liquid reservoir (clearly seen in Figure 4.2(b)) undergoes a secondary flow,

until all of the liquid returns to the liquid reservoir. This secondary flow is driven by

a recoverable elastic strain stored within the dextran solution [86, 87]. As the micro-

needle elongates the dextran solution during the pulling process, the extended dextran

chain configurations store a recoverable elastic energy. Similar to in a rubber, this

elongated conformation of the polymers decreases their free energy, storing energy in

the solution. Then, as these polymer chains begin to recoil, the secondary flow begins,

during which this energy is recovered elastically as demonstrated by the retracting

flow of the conical end. This stored elastic energy also explains how the liquid bridge

Figure 4.2: The secondary flow after the stage has come to rest is shown in time
stamped photos for (a) 45% and (b) 50% solutions of 500 kDa dextran in water. At t
= 0 s, the fibre is attached to a liquid bridge, which through a secondary flow retracts
into the reservoir and releases the fibre. At 45% this entire process occurred in less
than 1 s, where as at 50% the process lasted more than 2 s. The white lines right
below the liquid bridge show the length of the liquid bridge in the first frame of each
series. Scale bar = 5 mm (bottom right).
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in Figure 4.2 (a) is able to climb upwards against gravity as it returns to the reservoir.

Interestingly, Figure 4.2 shows that the liquid bridge at 45 %wt flows back into the

liquid reservoir more than twice as fast as the liquid bridge at 50 %wt, even though

both formed over the same τpull. By tracking the tip of the conical end over time, an

average speed of this secondary flow can be measured. At 45 %wt, the average flow

speed was 3.1 mm/s, whereas at 50 %wt the average flow speed was only 1.1 mm/s.

Thus, by analyzing the front of this necking region where the liquid bridge meets

the solid fibre, a qualitative understanding of the trends in fibre diameter can be

developed. Since all experiments occurred under ambient lab conditions (22.5 - 24.0

oC and at relative humidity less than 20%), a constant evaporation rate of solvent

will be assumed for all fibres. With this assumption, a larger flow speed would result

in a smaller fibre, because more polymer will be able to flow with the liquid bridge

into the liquid reservoir, before the necessary volume of solvent has evaporated to fix

the fibre diameter. Accordingly, at lower flow speeds, a larger fraction of the polymer

remains in the fibre when the necessary volume of solvent has evaporated, resulting

in a larger fibre diameter. In other words, by analyzing the conical tip of the liquid

bridge, it is likely that the speed at which this secondary flow occurs controls fibre

diameter. Since viscosity (η) is generally defined as a solution’s resistance to flow [88],

and Figure C.2 shows that the 45 %wt and 50 %wt solutions had a η of 8,000 cP

and 85,000 cP, respectively, it then follows that η controls the speed of the secondary

flow, which in turn controls the fibre diameter.

4.2.3 τ rep as a proxy for η

To validate that η controls fibre diameter, the most compelling experiment would be

analyzing the fibre diameter as a function of η. However, the falling ball method

used to measure η requires extremely large volumes of solution, and thus was only

performed for 500 kDa dextran solutions, meaning the data to show this plot does

not exist. Nonetheless, by again using the reptation model it is possible to determine

a scaling for η with our experimentally determined τ rep. For entangled solutions of

neutral polymers in θ-solvents, η is predicted as:

η − ηs ∼ N3c14/3, (4.2)

where ηs is the solvent viscosity, N is the number of monomers in the polymer chain,
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and c is the solute concentration within the solution [32]. Since the viscosity of the

polymer solutions is 3-5 orders of magnitude larger than ηs (ηwater = 1 cP),

η − ηs ≈ η. (4.3)

Equation 4.2 can then be rescaled to:

N3 ∼ η

c14/3
. (4.4)

For neutral polymers in θ-solvents, reptation theory predicts that τ rep scales as [32]:

τ rep ∼ N3c7/3. (4.5)

Thus, substituting Equation 4.4 into Equation 4.5 yields:

η ∼ τ rep c
7/3. (4.6)

Equation 4.6 shows the theoretical scaling of η with τ rep based on reptation theory.

Figure 4.3 presents η (measured as per section C.2) as a function of τ exp c
7/3 for 500

kDa dextran in water. In this plot, η values were interpolated from Figure C.2. The

Figure 4.3: η as a function of τ exp c
7/3 where c is the concentration of 500 kDa dextran

in solution, shows a linear trend (dashed line, r2 = 0.99). The η data is interpolated
from Figure C.2.
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plot is well fit with a linear trend (r2 = 0.99) as predicted by the reptation model.

Therefore τ exp c
7/3 is a viable proxy of η.

With that, the fibre diameter data in Figure 3.8 can be re-scaled as a function

of τ exp c
7/3. With this re-scaling, Figure 4.4 shows a linear trend of fibre diameter

increasing as τ exp c
7/3 increases. Since τ exp c

7/3 is a proxy for η, these data show

fibre diameter scales linearly with η across all Mw dextrans, even without a direct

measurement of η. This further supports the earlier claim that the secondary flow

is largely responsible for the fibre diameter, as an increasing η is responsible for a

slower flow rate of the liquid bridge, which in turns leads to a larger fibre diameter.

The increase in fibre diameter with concentration observed in Figure 3.8 can also be

explained by the increase in concentration resulting in an increased η, and therefore

a larger fibre diameter.

Electrospinning processes have also reported a larger fibre diameter with an in-

creasing solution viscosity [79, 89]. In characterizing electrospun fibre diameters from

entangled polymer solutions, these studies found that fibre diameter scaled as η0.7−0.8,

where η was the bulk viscosity of the solution. In a follow-on study it was found that

it is the entanglement density of the solution that largely controls the fibre diameter

Figure 4.4: Fibre diameter for various Mw dextrans as a function of τ exp c
7/3. τ exp c

7/3

serves as a proxy for η, and these data are fit with a linear trend (dashed line, r2 =
0.9). The fibre diameter data was originally presented in Figure 3.8.
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[90]. In the electrospinning process, fibres are subjected to strain rates as high as

105 s-1 [91]. Thus as solvent is evaporating and a fibre is forming, it is being rapidly

stretched. Since a fibre with a lower entanglement density would have a lower elastic

modulus, this fibre would end up being thinner than a fibre with a higher entangle-

ment density. Although the strain profile in the contact drawing process has not been

characterized, an estimation of the maximum is certainly possible. In extension of

liquid bridges, the strain rate is often quantified using the Hencky strain:

ϵ̇ =
2

∆t
ln

(︃
R(0)

R(t)

)︃
(4.7)

where ϵ̇ is the strain rate, ∆t is the time over which the strain is applied, R(0) is

the initial radius of the liquid bridge, and R(t) is the radius of the liquid bridge at

time = t [92]. From the present study, the shortest ∆t is 0.25 s, the maximum R(0)

is the width of the reservoir (2 mm), and the smallest final radius is 1 µm. From

these values, the maximum ϵ̇ can be estimated as 60 s-1. This maximum strain rate

is 4 orders of magnitude less than the strain rates in electrospinning. Therefore, the

linear scaling of fibre diameter with η does not contradict this work, since contact

drawn fibres are not subjected to the stretching process in electrospinning.

An interesting feature of Figure 3.8 is the increase in the standard deviation of

the mean with an increase in concentration, at all Mw dextrans. A similar trend

can be seen in Figure 4.4, where the standard deviation increases with τ rep c
7/3, at

each Mw. Higher concentration solutions were more difficult to mix, resulting in more

inconsistencies in concentration such as small amounts of undissolved dextran. Since

the concentration controls the viscosity which in turn controls fibre diameter, these

inconsistencies in concentration would lead to a distribution of fibre diameters. At

higher concentrations, the number of inconsistencies were greater, and therefore the

range of fibre diameters increased.

4.2.4 Diameters of collagen-containing fibres

For biomedical applications of these fibres (section 1.4), it was interesting to under-

stand the contact drawing process with solutions containing biological material. In

Figure 3.8, the open circles represent diameters of fibres formed from solutions of 500

kDa dextran dissolved in 8.7 mg/ml collagen in acid solution. These data overlap
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the data for 500 kDa dextran in water well. Since the fibre diameters are controlled

by solution viscosity, this suggests the use of collagen solution instead of water does

not significantly change the viscosity of the solution. Furthermore, since the collagen

would have a concentration of less than 0.5 %wt in the final solution, it is unlikely

that the collagen would have any effect on the dynamics of the entangled dextran

solution. In this case, the scaling in Figure 4.1 can be used to predict the conditions

necessary to successfully form collagen/dextran fibres.

4.2.5 Bulk versus extensional viscosities

By analyzing the secondary flows, the final fibre diameter is found to scale linearly

with solution viscosity. In determining this scaling, the viscosity was measured using

the falling ball method, which is an excellent method for measuring the bulk viscosity

(η) of a solution. However, in the work done here, the process of drawing long liquid

bridges would involve applying extensional flows to the dextran solutions. In this

case, the extensional viscosity (ηe) would be different from the bulk viscosity that

was measured and used in the previous discussion.

ηe of entangled solutions is dependent on the strain rate (ϵ̇) [93, 94], which was

defined in Equation 4.7. As ϵ̇ approaches zero, ηe approaches 3η as per the famous

Trouton ratio [95]. Then, in entangled solutions as ϵ̇ increases, ηe decreases in the

process known as shear thinning. This is due to the alignment of polymers that occurs

as the polymers are strained, decreasing their resistance to flow [94]. The end of this

early strain regime is defined by the point at which the individual polymer chains

begin to stretch. From this point on, as ϵ̇ increases, ηe sharply increases beyond η,

due to the stretching of individual polymer chains [94].

To determine ηe it is necessary to know the profile of ϵ̇. However, in this study

constant speeds were applied, which translate into complex ϵ̇ profiles. To further

complicate matters, as the fibre dries it is no longer strained in the same way as the

liquid bridges. This non-uniform straining creates additional difficulties in translating

the speed of the micro-needle to a ϵ̇ profile. In order to fully understand the effect

of viscosity on fibre diameter it would be necessary to characterize ϵ̇ and therefore ηe

throughout the fibre formation process.
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Another factor contributing to ηe is the strain history of the solution. Since the

entangled dextran solution can store elastic energy, the handling of the solution prior

to creating fibres could also have an effect on ηe. As the dextran solution is mixed

together, loaded into the syringe, extruded into the liquid reservoir, and strained

by the micro-needle between pulls, the solution can store elastic energy. Previous

studies have shown that pre-stretching of a polymer solution can increase ηe by up

to 3-4 orders of magnitude [96, 97]. With no experimental control for ’resting’ the

polymer solution in the liquid reservoir after being extruded from the syringe and

between pulls, the history of the polymer solution is likely to have an effect on ηe,

and therefore the fibre diameters.

With the understanding that ηe is the best way to characterize viscosity in this

study, the ideal plot would be the fibre diameter as a function of the average exten-

sional viscosity over the pull duration. However, from this discussion it is obvious

that ηe should scale with the bulk viscosity, likely as about 3 times larger. Therefore,

the linear scaling in Figure 4.4 supports the assertion that solution viscosity largely

controls fibre diameter.



Chapter 5

Conclusion

5.1 Summary of research outcomes

In this study, the characterization of polymeric fibres formed from stable liquid bridges

during contact drawing was performed. Images of the necking region shown in Fig-

ure 4.2 resembled the shapes of the liquid bridges obtained in the methylcellulose

studies [24], with defined conical ends connected by a thin cylindrical volume of liq-

uid. However, the liquid bridges here stabilized at 10 cm length while being less than

20 µm in diameter, entering a new regime of liquid bridges where the lengths were at

least 3 orders of magnitude greater than the radius. Due to the role of entanglements

in stabilizing fibres during electrospinning [58], entanglements were proposed as the

stabilizing mechanism in these liquid bridges. By characterizing the time-dependence

of transition from successful fibre formation to the relaxation failures, the viscoelastic

nature of the highly concentrated dextran solutions was characterized. More specif-

ically, by fitting the failure rates for various dextran solutions, a critical timescale

(τ exp) could be extracted, which characterized the transition from fibre formation to

failure. These extracted τ exp values were excellently fit with a theoretical scaling of

τ rep, supporting the assertion that these extracted values may characterise the longest

relaxation times of the entangled polymer solutions. As is true for electrospinning,

polymer entanglements were largely responsible for stabilizing the liquid bridge as

evaporation of the solvent occurred, and a final fibre was formed. Furthermore, the

diameters of these final fibres were found to increase with solution viscosity, which is

another similarity with electrospinning [90]. The mechanism however was different,

as the flow rate of the secondary flows during the solvent evaporation was depen-

dent on the viscosity, which in turn controlled fibre diameters in contact drawing.

By applying concepts from liquid bridge stability, entangled polymer solutions, and

electrospinning, we were able to characterize the formation and properties of fibres

formed from contact drawing highly concentrated dextran solutions.

49
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5.2 Significance

Contact drawing is a promising technique to produce collagen fibres for biomedical

applications, as it is a highly scalable process requiring minimal specialized equip-

ment, while preserving the collagen structure [1, 2]. As a result of this thesis work,

the mechanism of fibre formation is now known which will be essential to optimizing

the contact drawing process for the various applications. For example, if the universal

scaling obtained in Figure 4.1 is extrapolated, it follows that by using longer linear

polymers than 500 kDa dextran, the polymer concentration can be further decreased,

thereby increasing the concentration of collagen in final fibres. This would be impor-

tant for final applications in biomedicine, providing control over the concentration of

fibre components.

Furthermore, by fitting the data in Figure 3.4, it was possible to extract a timescale

that characterized the longest relaxation time of the polymer solution. Other meth-

ods to characterize this timescale require an experiment using small angle scattering

of either neutrons or x-rays to determine the end-to-end radius of the polymer chain.

From this radius the correlation length needs to be calculated. Then the diffusion is

calculated in a different nuclear (or other) spectroscopic experiment, and by combin-

ing these findings the timescale corresponding to relaxation of entanglements can be

found. In this study, obtaining one of the curves in Figure 3.4 to extract this relax-

ation time required less than 1 mL of polymer solution, and a linear translation stage.

Although the extracted value was not as exact, the universal scaling suggests it is a

fairly accurate characterization of τ rep. Therefore, the horizontal micro-needle con-

tact drawing system could have potential as a low-cost alternative to gauge the τ rep

of highly concentrated polymer solutions. As a characterization tool, this could have

applications in electrospinning, wet-spinning and other fibre spinning techniques.

5.3 Further considerations

The data collected from these experiments certainly supports the assertion that poly-

mer entanglements are responsible for fibre formation, and the solution viscosity plays

a critical role in selecting the fibre diameter. In order to understand the contact

drawing process completely, all relevant parameters must be controlled, which was
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not always the case in these experiments. Here are a few of the key parameters that

may have influenced the experimental results:

1. The volume of solution on the micro-needle, upon withdrawal from the liquid

reservoir, was never characterized. It is likely that this volume plays a role in both

fibre formation, and fibre diameter. It is possible that the solution closer to the

needle is less likely to flow, due to the solid-liquid interface. Then it follows that at

low volumes of liquid, this interface may have a greater effect on the flow of the liquid

bridge, and therefore on fibre formation and fibre diameter. This parameter was not

controlled, and could have contributed to the width of the Weibull functions, as well

as the variance in fibre diameters.

2. The acceleration of the micro-needle. The linear stage used here had an accel-

eration phase. In the analysis, this acceleration phase was taken to be short enough

that a constant velocity could be assumed, but at short times and short distances,

this assumption would not be valid. Characterizing the acceleration more thoroughly

would lead to better estimates of the extensional forces applied to the solution by the

micro-needle. Since the elastic energy stored in the polymer solution plays a critical

role in the secondary flow, which completes the fibre drawing process, characteriz-

ing the forces would lead to a more thorough analysis. The acceleration in these

experiments was always set to the maximum, and was constant between experiments.

3. The humidity was not controlled in the lab. A critical part of the fibre for-

mation process is the evaporation of the solvent. Since these experiments were all

conducted under ambient conditions, the humidity in the lab would have an effect on

the evaporation rate of the solvent. Although the evaporation was not shown to play

a role in the success/failure of fibre formation, it likely plays a role in determining

the fibre diameters. During the secondary flow, our analysis suggests that at larger

viscosity, the solution would have a slower secondary flow, and a larger weight frac-

tion of polymer would remain in the final fibre once the evaporation was complete.

A change in evaporation rate would likely have an effect on this process. That being

said, fibres collected for diameter measurements were all collected on the same day, so

this is unlikely to contribute to the variance seen in the fibre diameter measurements.
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5.4 Next steps

The purpose of science is to provide the knowledge to ask better questions. Here are

a few research ideas that can be addressed in the future:

1. The experimental setup here was horizontal, but recreating a vertical system

would be interesting. Unfortunately the stage used here could not generate the forces

necessary for a vertical geometry. In a vertical system, the forces of gravity will likely

play a larger role and would need to be included in the analysis. Gravity would lead to

a more distorted shape of the forming liquid bridge, with a larger volume of solution

towards the lower surface. This additional stress may allow 10 cm fibres to form at

lower concentrations than those seen here. Furthermore, as seen in Appendix B it is

possible that elastic rupture occurs during fibre formation which would be interesting

to characterize. By designing a setup similar to the one used here, except with a

stage capable of achieving high speeds in vertical motion, this experiment would be

possible.

2. The inconsistency in concentration was a large source of error in this experi-

ment, in both the fibre formation process, and the fibre diameters. This motivates the

need for a more robust mixing protocol. One example could be mixing the solution

using an automated device for a set amount of time, perhaps in a warmer water bath

to help the mixing process. The solution can then be centrifuged to remove any gas

bubbles, and brought back to room temperature. Repeating these experiments with

more consistent concentrations could greatly reduce the variance observed.

3. These studies support the use of the extracted τ exp as the τ rep of the solution.

To make this claim stronger, an interesting study would be to calculate τ rep for a few

of the concentrations. By using the traditional technique of measuring the end-to-end

distance of the polymer, as well as the diffusion over time, this can be done. If this

study were to confirm a correlation between τ exp and τ rep, the contact drawing setup

developed here could be used as a simple and low-cost alternative to estimate the τ rep

of highly concentrated polymer solutions.

4. Performing these studies with other linear polymers that are of higher molecular

weights, would be crucial to understanding how well the universal scaling of Figure 4.1

can be extrapolated. This is especially interesting because the universal scaling was

achieved using the reptation model, which assumes perfectly linear and monodisperse
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polymers which are not easily accessible at large molecular weights. By increasing

the catalogue of polymers, the validity and limits of this scaling to be truly universal

can be verified.

5. Expanding the characterization of final fibres beyond diameter would be in-

teresting, and of high importance. By using methods such as x-ray diffraction, the

molecular structure of the fibres can be quantified which would answer numerous

questions important to final applications. For example, this would develop an un-

derstanding of polymer alignment within the final fibre, whether the polymer has

a concentrated shell structure, what the distribution of biomolecules is within the

fibre, and how all of these change with fibre manufacturing conditions and precursor

solution properties.

6. Increasing the range of control parameters in the experimental apparatus would

be very interesting. In these experiments, the micro-needle diameter, and the mate-

rials used were all kept constant. However, any effect the geometry of the needle has

on fibre formation would be an interesting problem. The surface energy of any of the

interfaces was also never considered. It could be possible, for example, that using a

liquid reservoir that was more energetically favourable for the polymer solution would

further increase the relaxation times. By characterizing these elements, it could be

possible to increase the range of parameters that can be used as design inputs in an

automated and scalable system.
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Appendix A

CAD Drawings

Figure A.1: This drawing shows the 3D printed piece for mounting the micro-needle
holder. Two of these pieces were printed and screwed into the translation stage. The
micro-needle was mounted into the holder, and the holder was slid into the large hole
on the front, and fixed in place with set screws. Scale 2:1.
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Figure A.2: This drawing shows the 3D printed liquid reservoir. This reservoir has a
volume of 50 µL, and was filled with the polymer solution during the contact drawing
experiments. Scale 2:1.

Figure A.3: This drawing shows the 3D printed mount for the reservoir (Figure A.2).
The holes on the front face of the reservoir were screwed into the two holes on the
front face of this mount. Scale 1:2.



Appendix B

Preliminary Experiment

A preliminary experiment was conducted, which greatly informed the experiments

described in this thesis. In this experiment, a 50 %wt solution of 500 kDa dextran in

water was created. This solution was then used to form a drop on a glass slide. The

micro-needle was mounted onto a handle, and using the handle the micro-needle was

manually dipped into the puddle and pulled away. This was done approximately 40

times, and each of these trials was recorded using the high speed camera described in

section 2.2.

For each trial, it was observed whether a fibre formed, whether no fibre formed,

or whether a ”limited fibre” formed, in which a fibre either relaxed or elastically

ruptured. Using the videos from the high speed camera, a pull speed for each trial

could be measured, which was approximated as the average velocity over the first 5

cm. Since there was no control for the evaporation of solvent from the droplet, the

time elapsed since solution preparation was recorded.

The data in Figure B.1 shows some important features which were used to in-

form the experimental design of this study. Time elapsed measures the time since

the solution preparation, and can be used as a proxy of evaporation. As the time

elapsed increases, the concentration of dextran in water also increases, until a highly

concentrated ’shell’ is formed on the exterior of the droplet.

At early time points before 10 minutes (regime I), there is a clear change in fibre

formation as a result of pull speed. During this time where the dextran concentration

is lowest, as the pull speed increases, a change from limited fibres to successful fibre

formation is observed. At intermediary time points (regime II), the dextran concen-

tration is increased, and even at lower pull speeds fibre formation is observed. At

late time points (regime III), the dextran concentration has increased further, and

fibre failure is frequently observed. In this late time regime, failure was attributed to

occurrences of the needle not starting a fibre, or a fibre that elastically ruptured, as
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Figure B.1: This figure shows the preliminary data that informed the experimental
design described in this study. The data can be segmented into 3 time regimes: I)
early, II) intermediary, and III) late. As time goes on, the dextran concentration in
the solution droplet increases.

observed from the high speed videos.

Although this was not a thorough experiment, these results were informative in

arriving at the final study. Firstly, this experiment showed the importance of con-

trolling for evaporative loss. The fact that failure at a fixed pull speed changed with

time elapsed, shows that the concentration is crucial in understanding this process,

and thus evaporative loss would need to be controlled. In order to further understand

how the evaporative loss occurs, see Figure C.1. Furthermore, as is most clearly

demonstrated in the first 10 minutes of Figure B.1, at a fixed concentration, pull

speed likely has an effect on fibre formation. This result suggested the existence of a

critical timescale for the fibre formation process.



Appendix C

Solution Characterization

The rate of evaporation and bulk viscosity were measured for 500 kDa solutions of

dextran and water.

C.1 Evaporation

Since the solution reservoir had two open faces, water was evaporating from the so-

lution under ambient conditions. A simple experiment was conducted to characterize

this evaporation. All experiments were conducted in the lab between 22.5-24.0oC and

at relative humidity less than 20%. A high precision balance scale was calibrated to

the mass of the solution reservoir. Then, a 50 %wt solution of 500 kDa dextran in

water was prepared using the same methodology as section 2.3. The solution reser-

voir was filled with this solution, and immediately placed back onto the scale. The

mass reading from the scale was recorded in 30 second increments for 60 minutes. A

concentration was calculated from these mass measurements using:

%wt dextran =

[︃
massdextran
masstotal

]︃
× 100%. (C.1)

As seen in Figure C.1, although the concentration continues to increase over time,

within the first 10 minutes, the solution concentration changes less than 1 %wt.

As such, the prepared solutions were always kept in a syringe to limit evaporation.

When loaded into the reservoir, the solution was always completely replenished every

10 minutes in order to mitigate any effects of the evaporation.
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Figure C.1: Solution concentration, as a function of time. In this experiment, 50 µL
of 50 %wt 500 kDa dextran and water was placed in the reservoir. The reservoir was
then loaded onto a scale and observed over time, and the loss of mass was recorded.
Over the first 10 minutes, the change in solution concentration was less than 1 %wt
dextran.

C.2 Viscosity

The experiment in this section was conducted by Dr. John Frampton, who provided

this data.

The bulk viscosity (η) of various solutions of 500 kDa dextran in water were

measured using the falling ball method. 5 solutions were prepared at 35, 40, 45,

50, and 55 %wt dextran, in the same way as section 2.3. These solutions were then

centrifuged at 3000 rcf for 15 minutes to remove any gas bubbles. The prepared

solutions were transferred into polystyrene conical tubes.

Once in the tube, a stainless steel ball bearing (diameter = 0.3999 ± 0.002 cm

and mass = 0.2611 ± 0.0001 g) was placed into the solution. With a digital timer

accurate to 0.001 s and a ruler accurate to 0.5 cm, the position of the ball over time

was recorded, and the velocity was calculated. The density of the solutions were

measured using an Anton Parr DMA 35 handheld density meter, with an accuracy

of 0.001 g/cm3. With this data, η could be calculated using:

η =
2 (∆ρ) gr2

9v
, (C.2)
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where ∆ρ is the difference in density between the solution and the ball bearing, g is

the acceleration due to gravity, r is the radius of the ball bearing, and v is the velocity

of the ball bearing as it travels through the tube. This data is shown in Figure C.2.

All solutions of 500 kDa dextran had concentrations within this range, so all values

not directly measured were interpolated from the exponential fit.

Figure C.2: Viscosity as a function of concentration, courtesy of Dr. John Frampton.
Viscosity data was measured for various concentrations of 500 kDa dextran in water,
using the falling sphere method. Exponential fit is shown (dashed line, r2 = 0.98).
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