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Abstract

A non-Brownian suspension of micron scale rods is found to exhibit reversible

shear-driven formation of disordered aggregates resulting in dramatic viscosity

enhancement at low shear rates. Aggregate formation is imaged at low magnifi-

cation using a combined rheometer and fluorescence microscope system. The size

and structure of these aggregates are found to depend on shear rate and concentra-

tion, with larger aggregates present at lower shear rates and higher concentrations.

Quantitative measurements of the early-stage aggregation process are modeled by a

collision driven growth of porous structures which show that the aggregate density

increases with shear rate. A Krieger-Dougherty type constitutive relation and steady-

state viscosity measurements are used to estimate the intrinsic viscosity of complex

structures developed under shear. Higher magnification images are collected and

used to validate the aggregate size versus density relationship, as well as to obtain

particle flow fields via Particle Image Velocimetry (PIV). The flow fields provide

a tantalizing view of fluctuations involved in the aggregation process. Interaction

strength is estimated via contact force measurements and Johnson-Kendal-Roberts

(JKR) theory and found to be extremely strong in comparison to shear forces present

in the system, estimated using hydrodynamic arguments. All of the results are then

combined to produce a consistent conceptual model of aggregation in the system

that features testable consequences. These results represent a direct, quantitative,
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experimental study of aggregation and viscosity enhancement in a rod suspension,

and demonstrate a strategy for inferring inaccessible microscopic geometric properties

of a dynamic system through the combination of quantitative imaging and rheology.

Index words: Physics, Condensed Matter, Soft Condensed Matter,
Materials Science, Complex Fluids, Dissertations,
Theses (academic)
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Chapter 1

Introduction

Rod-like particles are often used to impart specific rheological properties to mate-

rials [70] such as fiber reinforced composites (FRC). Material properties of FRCs

are highly dependent on how the reinforcing fibers are dispersed in the surrounding

polymer matrix, which is dependent on the flow history of the precursor suspension.

Understanding the dynamics of fiber suspensions is, therefore, important to the devel-

opment of new composite materials. Conventional FRCs such as glass fiber reinforced

plastic (GFRP) and carbon fiber reinforced plastic (CFRP) contain neutral embedded

fibers that are tens of microns in diameter. Fibers like these have been shown to form

aggregates under shear, even in the absence of attractive interactions, provided suf-

ficient frictional contact exists[66]. The resulting fiber density inhomogeneity in the

suspension is generally undesirable for engineering applications.

Rod-like particles also exist in a variety of biological contexts including collagen

fibrils in the mammalian extracellular matrix, cellulose fibers in plants, and Chi-

tosan fibers derived from crustaceans shells. Researchers concerned with biocompat-

ibility and sustainable engineering are increasingly seeking out these types of natu-

rally derived fibers to incorporate into composite materials [3, 11, 37, 49], making

understanding the physics underlying their processing of imminent concern to the

engineering community.
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Suspensions of rod-like particles, such as those encountered during the processing

of high-performance composite materials, often exhibit dramatic rheological proper-

ties such as shear-thinning [30] and shear-thickening [50], governed by the particle

size and shape, properties of the suspending fluid, interactions between the particles

and the overall flow history. In particular, the formation of secondary structures such

as aggregates and bundles are often responsible for very large rheological effects, as

well as some of the most difficult materials processing challenges [34].

To enable the detailed study of aggregation physics in rod suspensions, I utilize a

material called SU-8 (Microchem Corp.), which is an epoxy-based negative photoresist

used in the fabrication of microfluidic devices and MEMS (Micro Electro Mechanical

Systems) via photolithography. Alargova et al developed a novel, one-pot process for

synthesizing microrods using SU-8 through a combination of emulsification, solvent

attrition, and shear [2]. Adapting Alargova’s methodology to incorporate fluorescein,

I am able to produce a system that both exhibits dramatic shear-driven aggregation,

and lends itself to imaging via fluorescence microscopy.

Widefield microscopy allows for examination of meso- and macro-scale suspension

structure on scales of tens to hundreds of microns. Analysis of images at this magni-

fication regime allows for in-situ quantitative characterization of aggregate size under

shear. Confocal microscopy along with higher magnification widefield images allow

for detailed visualization of aggregate surface structure and flow dynamics. These

visualization techniques along with bulk rheology can provide deep physical insights

into the microscopic origins of observed physical properties.

In this dissertation, I use a suspension of micron-scale, fluorescent SU-8 rods as

a model system with which to investigate aggregation behavior in high aspect ratio

rod suspensions, in the presence of attractive interactions. I employ confocal and

wide-field fluorescence microscopy, quantitative image processing, and rheology to
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shed light on the aggregation structure and dynamics as well as the effect of aggre-

gation on suspension viscosity. The techniques and results presented will help guide

subsequent research towards a first principles understanding of the highly dynamic,

non-equilibrium statistical process of aggregation in colloidal fiber suspensions.

Chapter 2 presents an overview of theoretical and experimental background related

to aggregation in colloidal rod suspensions. Chapter 3 describes the general methods

employed in this dissertation for material synthesis, viscometry, imaging, data anal-

ysis and suspension characterization. Chapter 4 details a specific analysis of SU-8

aggregation using a simple theoretical model and a Krieger-Dougherty description,

much of which has been previously published [42]. Chapter 5 extends the experiments

presented in chapter 4 with higher magnification data and corresponding flow-field

analysis. Chapter 6 presents interaction force estimates and combines them with pre-

vious results to present a consistent overall picture of aggregation processes in SU-

8 micro-rod suspensions. Tangentially related work on analyzing the structure and

material properties of collagen gels is included in Appendix A.
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Chapter 2

Background

2.1 Viscosity and Simple Shear Flow

A simple shear flow is a type of laminar flow in which the gradient of the velocity

field is constant perpendicular to the flow direction and, under suitable choice of

axes, is zero in all other directions. This geometry results in a natural choice of axes

defined in relation to the velocity gradient and flow directions, as shown in figure 2.1.

Given a right handed coordinate system, we can define +ẑ as the flow direction, +x̂

as the gradient direction, and ŷ as the vorticity direction. With this convention of

axes, the full rate-of-strain tensor can be significantly simplified, generating only one

non-trivial component, as shown below.

Γ =


∂xux ∂yux ∂zux

∂xuy ∂yuy ∂zuy

∂xuz ∂yuz ∂zuz

 =


0 0 0

0 0 0

γ̇ 0 0

 (2.1)

where γ̇ represents the shear rate. For a Newtonian fluid, the stress tensor in appro-

priate coordinates also has one non-trivial element which is related to the shear rate

by a constant of proportionality, called the dynamic viscosity, η. [63]

σxz = ηγ̇ (2.2)
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Figure 2.1: Shear Coordinate System. A convenient coordinate system for describing
shear flow can be defined with respect to the flow direction, x1, the velocity-gradient
direction, x2, and the vorticity direction, x3. [41]

In addition, overall strain in a system can be obtained by integrating the rate-of-strain

tensor over time, which for simple shear as obtained by flow in an idealized Couette

geometry, would be given by

Γ =

∫ t

0

Γ̇dt→ γ = γ̇t =
∆z

h
(2.3)

where ∆z is the displacement of a fluid element and h is the separation of the Couette

plates.
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2.2 Brownian Motion and Colloidal Interactions

2.2.1 Brownian Motion

Thermal fluctuations become relevant in a suspension when particle sizes and vis-

cosities are sufficiently small. For anisotropic but axisymmetric particles, these two

properties, along with particle geometry are incorporated into rotational and trans-

lational diffusion coefficients. For rod suspensions rotational diffusion will typically

dominate. Theoretical and experimental results for the rotational diffusion of ellip-

soids and rods have been obtained by many groups [31, 32, 40, 52, 56]. For example,

this was done experimentally through video microscopy by Han et al as shown in

Figure 2.2

Sheared particle suspensions where thermal fluctuations are relevant are often

characterized by the dimensionless Peclet number, defined as the ratio of diffusion

time to advection time. For suspensions of rods, the relevant Peclet number:

Pe =
γ̇a2

Dr

(2.4)

where γ̇ is the shear rate, Dr is the rotational diffusion coefficient, and a is the

relevant length scale which is taken to be either the length or the radius of the rods.

The infinite Peclet number limit represents the case of non-Brownian particles. At

zero Peclet number, where Brownian anisotropic particles are not subject to shear,

systems of sufficient concentration can order into nematic and smectic phases, leading

to more complex rheology [46]. Between these two limits, more complex behavior may

be observed due to the disruption of the deterministic, Stokesian behavior, discussed

in Section 2.5, by thermal motion.
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Figure 2.2: Diffusion of Ellipsoids. Han et al measure 2-D diffusion coefficients of
PMMA ellipsoids in water, directly via video microscopy. [31]
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2.2.2 Colloidal Interactions

When there is a difference in dielectric constant between suspended particles and

their surrounding fluid, van der Waals forces will be present in the system. In the

model SU-8 microrod suspension used in this work, this is likely to be the relevant

attractive interaction. The dominance of side-side collisions [69] indicates that the

appropriate energy scale per contact in an aggregate may be given by considering a

crossed cylinder geometry. For identical cylinders the free energy and corresponding

force is given by [35]:

W =
−AHR

6D
(2.5)

F = −dW
dD

= −AHR
6D2

, (2.6)

where R is the fiber radius, D is the surface separation between the two fibers, and

AH is the Hamaker constant for the system. Lifshitz theory can be used to estimate

the Hamaker constant via the expression [46],

AH =
3

4
kbT (

εA − εB
εA + εB

)2 +
3hνe

16
√

2

(n2
A − n2

B)2

(n2
A + n2

B)3/2
(2.7)

where ε represents the dielectric constant, n is the index of refraction, and νe is the

main ultraviolet absorption frequency. A and B represent the two materials present

in the suspension. When Brownian motion isn’t relevant, the Hamaker constant, and

thus the interaction force will be dominated by the second term of equation 2.7

2.3 The Stokes Flow Limit

Take u as the fluid velocity field, and p as the pressure, both defined on the domain

R3. In the absence of a body force, viscous flow of an incompressible fluid around

8



a solid body can be described by the appropriate Navier-Stokes equation (presented

here in a dimensionless form),

Re

(
∂u

∂t
+ u · ∇u

)
= −∇p+∇2u (2.8)

along with the condition of incompressibility, ∇ ·u = 0, where the Reynolds number,

Re, is given by

Re =
ρUsL

η
(2.9)

In these equations Us and L represent the relevant velocity and length scales in the

system, respectively, and η is the fluid viscosity. The low Reynolds number, or creeping

flow limit allows us to neglect the material derivative on the left hand side of equation

2.8 to obtain the equations for Stokes flow,


−∇p+ η∇2u = f

∇ · u = 0

(2.10)

where the units, as well as the body force, f have been added back for completeness.

This limit allows for a dramatic simplification of the full Navier-Stokes equations such

that the velocity field is determined solely by the boundary conditions at any specific

instant in time without regard to flow history. As a result, the flow fields are fully

time-reversible. In addition, the Green’s function solution to the Stokes flow equation

may be computed analytically, allowing it to be solved for arbitrarily complex body

forces. In other words, the solution to

−∇p+∇2g = δ (x) (2.11)

in free space, where velocities vanish at infinity, is given by

9



gi(x) =
1

8πη
Gij (x) (2.12)

where the Green’s function tensor is given by

Gij =
δij
|x|

+
xixj
|x|3

(2.13)

and is sometimes referred to as the Oseen-Burgers tensor or the Stokeslet [7, 45, 60].

Denoting the function specified in 2.12 as gi(x), the flow field due to an arbitrary

body force can be calculated as

ui(x) =

∫ ∞
−∞

fi(a)gi(x− a)da (2.14)

where the right hand side of the equation represents the convolution of the Stokeslet

solution and the body force.

2.4 Viscosity Enhancement in a Suspension of Spherical Particles

For dilute suspensions in the Stokes flow limit, the viscosity increase due to the

presence of suspended particles was derived by Einstein as

η

η0
= 1 + [η]φ (2.15)

where φ is the particle volume fraction, η0 is the solvent viscosity, and η represents

the overall suspension viscosity [23]. [η] is known as the intrinsic viscosity and can be

defined, in terms of the relationship above, as:

lim
φ→0

η − η0
η0φ

(2.16)

The intrinsic viscosity is dependent on the geometry of the suspended particles, and

was calculated (in the original 1905 paper) to be 2.5 for spheres. In addition to
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providing a very practical engineering result, this equation showed that, under the

specified conditions, viscosity enhancement is dependent on the shape and amount of

suspended particles but not their size.

The Krieger-Dougherty equation extends the dilute limit viscosity enhancement

result presented in equation 2.15 to higher concentrations in a semi-empirical way

that reduces to the dilute result via Taylor expansion. It states,

η

η0
=

(
1− φ

φmax

)−[η]φmax

(2.17)

where η0 is the solvent viscosity, φmax is the maximal packing fraction of the suspended

particles, and all other quantities are as previously defined. This equation has been

employed with some success in a variety of different contexts.

2.5 The Motion of a non-Brownian Ellipsoid in a Simple Shear Flow

In 1922, Jeffery derived equations for the motion of a non-Brownian ellipsoid in shear

flow [36] and found that it rotates in an unsteady but deterministic, periodic orbit,

due to the variations in viscous drag depending on the ellipsoid’s orientation with

respect to the flow. The ellipsoid’s motion is described by a family of curves specified

in the following equations:

tan(θ) =
Cre

(r2ecos
2(φ) + sin2(φ))1/2

tan(φ) = retan(2πt/T )

(2.18)

where re is the aspect ratio of the ellipsoid, θ and φ are deflection angles about the

flow and vorticity axes, respectively, measured from the positive shear gradient axis,

and T is the orbit period [46]. C is an orbit constant that specifies a particular curve

within the family and ranges from 0 to ∞ as θ goes from 0 to π/2 [36, 46]. Large
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Figure 2.3: Krieger-Dougherty Fit for Spherical Particles. The Krieger-Dougherty
relationship between viscosity enhancement and solute volume fraction has been found
to accurately describe the observed viscous behavior of suspensions of polystyrene
spheres [46]
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orbit constants represent ellipsoids that are rolling lengthwise as they flow, while small

values represents that are flipping end over end. The orbit period, T, is predicted as

T = 2π(re + 1/re)/γ̇ (2.19)

where γ̇ is the shear rate [36]. These formulae have been experimentally verified for a

variety of particles including rods [6, 53, 78], disks [29], ellipsoids [4, 76], and chains of

spheres [87]. For non-ellipsoidal particles re is replaced an effective aspect ratio given

by
√
Tx/Ty, where Tx and Ty are the torques on the particle when oriented along the

shear gradient direction. This value is typically found to be about 0.7 times the rod’s

true aspect ratio [15, 69].

2.6 Viscosity Enhancement in Rod Suspensions

Borrowing language from Doi and Edwards, one can define a dilute suspension as one

where the motion of an individual particle does not affect the motion of others. In

other words, hydrodynamic interactions between particles are negligible. For rods that

are rotating in a shear flow, the condition can be made more concrete by requiring that

the average spacing between rods be sufficiently greater than their lengths so that they

will be free to rotate without encountering each other. Quantitatively, concentrations

where n/V � 1/L3 can safely be considered dilute, where n is the number of particles,

L is their length, and V is the sample volume.

Jeffery went on to analyze the impact of suspended ellipsoidal particles on vis-

cosity in this regime, and found that by averaging the excess energy dissipation over

the entire orbit, he could achieve a result comparable to the one Einstein developed

for spheres, though with a different intrinsic viscosity. In fact, he was able to recover

the result for spheres as a special case [36]. Further, the precise value of the intrinsic
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Figure 2.4: Jeffery Orbits. The unsteady periodic rotation of ellipsoids and rods in a
shear flow follow deterministic paths known as Jeffery orbits. [27]
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Figure 2.5: Concentration Regimes. Doi-Edwards concentration regimes originally
developed for describing phenomenon in rod-like polymers are also useful when char-
acterizing suspensions of rod-like particles. [20]

viscosity would be dependent on the particular orbit taken by the ellipsoid, as spec-

ified by its orbit constant. Thus, determination of viscosity enhancement in a real

rod suspension requires knowing the distribution of orbit constants in the system.

It is interesting to note that Jeffery, himself, called out the limitations of his anal-

ysis, commenting that "[i]t applies only to suspensions which are sufficiently dilute

and in which there is no tendency to form aggregates" [36]. The latter condition, in

particular, will be addressed by original work presented later on.

At non-dilute concentrations, there is an observed disruption of Jeffery orbits that

invalidates the dilute viscosity increase argument. Shaqfeh and Fredrickson developed

a semi-dilute theory that predicts a viscosity enhancement that is slightly lower than

experimentally determined values, possibly due to ignored short-range hydrodynamic

interactions or aggregation [10, 68]. Simulations and experiments have found that, at

large stresses, viscosity scaling with aspect ratio is proportional to nL2D/V , where
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D is the rod diameter. This expression can be rewritten in terms of volume fraction,

φ, and aspect ratio, re, as 4φre/π [19, 75].

2.7 Slender-body Theory and Orientation Effects

For high aspect ratio suspended particles in particular, the range of concentrations

where dilute approximations are valid is extremely small. Hydrodynamic interactions

in the system under shear lead to partial suppression of Jeffery orbits as well as evolu-

tion of the orientation distribution towards a steady state [26]. Since time-averaging

over a complete period is no longer valid, it is not possible to use the viscous drag

on an ellipsoid, as computed by Jeffery, in order to describe viscosity enhancement in

the system. A description of the instantaneous drag on a rod due to its orientation

would be needed.

Slender-body theory, developed initially by Burgers, and then refined by Cox and

Batchelor, enables computation of the drag on a high aspect ratio rod in a variety of

flows by approximating the flow around the object as a series of Stokeslets centered on

the object. From this result, averages over the orientation distribution may be used to

determine short-time predictions of suspension viscosity under arbitrary Stokes-flow

conditions.

Theoretical formulations often use tensor language to describe the orientation dis-

tribution of suspensions. Advani and Tucker define a set of nth order fiber orientation

tensors as

an =

∮
px̂1 · · · px̂nψ(p)dp (2.20)
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where ψ(p) is the orientation probability distribution function [1]. In other notation,

〈pppp〉 and 〈pp〉 are equivalent to a4 and a2, respectively. The shear stress in a

suspension of non-Brownian rods is given by

σ = 2ηsD + ηf 〈pppp〉 : D (2.21)

where D is the rate-of-strain tensor, ηs is the solvent viscosity and ηf is a constant

that depends on fiber shape and volume fraction. Using slender body theory, Shaqfeh

and Fredrickson have developed the most sophisticated analytical determination of

ηf to date [68] in the case of semidilute suspensions. Unfortunately, that model is not

used in the engineering community due to its complexity and limited applicability

range [59].

2.8 Rheological Behavior of Rod Suspensions

Researchers have observed shear-thinning behavior in suspensions of rods and fibers

of a variety of length scales where the apparent steady-state suspension viscosity

decreases with increasing shear rate. This behavior has been observed in suspensions

of carbon nanotubes [33], swissflock [19], polystyrene ellipsoids [12], and nylon fibers

[14], among others. In many of these systems, the large viscosity at low shear rates

is attributed to aggregation, though not quantitatively. The underlying mechanisms

suggested vary greatly as well [66].

Shear-thinning behavior has also been seen in rod-like systems where aggregation

does not occur such as lyotropic liquid crystalline polymers [79, 84] and fd -virus

suspensions [47], as well as in aggregating suspensions of spherical particles [28] where

it is sometimes coupled with shear banding [8].
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Two particularly dramatic rheological and microstructural effects seen in rod sus-

pensions are the discontinuous shear-thickening seen in carbon nanotube suspensions

[50] and transverse alignment of nylon fibers under periodic shearing [27]. While these

do not directly relate to the work presented in this dissertation, they do illustrate the

kind of interesting behaviors that make rod suspensions a rich and complex field of

study.

Though they share many features with shear-induced aggregation of spherical

and small aspect ratio particles [86], high aspect ratio rod suspensions exhibit highly

complex aggregation dynamics. For spherical particles, several studies have compared

models of aggregate growth with direct measurements of aggregate size and structure

[13, 25, 77], but the literature for fibers or rod-like particles is much less complete,

and substantial open questions remain about the pathways to aggregation and the

structure of the aggregated phase.

Studies have identified associations between aggregation and viscosity enhance-

ment in suspensions containing multi-walled carbon nanotubes [48, 62], microfibril-

lated cellulose [38], and glass fibers [51]. These systems showed disordered aggregate

domains at lower shear rates, where suspension viscosity was enhanced.

Rahatekar et al. observed low-shear rate viscosity enhancement in a suspension of

multi-walled carbon nanotubes suspended in an epoxy resin [62]. Optical observations

showed that the viscosity enhancement was correlated with the presence of aggregates

that were dispersed at higher shear rates. From these results they claim that shear

thinning is associated with the breakup of interconnected aggregates. Lin-Gibson et

al. reported on aggregation in a suspension of multi-walled carbon nanotubes sus-

pended in polyisobutylene, due to an elastic flow instability [48]. The nanotubes were

found to form large log-rolling phases at low shear rates where significant viscosity

enhancement was observed. They were able to take advantage of imaging techniques
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to estimate aggregate volume fraction and associated that with a dilute limit rheology

model to estimate the intrinsic viscosity of the aggregated phase.

Carbon nanotubes posses complex interactions that could be instrumental in

aggregate formation. Schmid et al, on the other hand, developed a particle level

simulation technique that is able to recover flocculation characteristics consistent

with experimentally observed non-interacting particles [65, 66]. The particular mate-

rial used for experimental comparison was Kraft pulp in Glycerol. In these systems,

mechanical contacts, in the form of inter-fiber friction and repulsive interactions, were

identified as the mechanism for aggregation. In addition, fiber curvature was found

to be an important control parameter.

Marin-Santibanez et al observed flocculation, viscosity enhancement, and align-

ment variations in suspensions of glass fibers in Newtonian and Boger fluids [51].

They observe that the aggregates arise from adhesive contacts and show that the

Boger fluid suspensions resulted in a larger viscosity enhancement when compared to

the Newtonian suspensions, and that system properties in the non-aggregated regimes

were associated with the overall orientation distribution of the fibers.

Size and structure analyses have been done on aggregates of spherical particles to

relate aggregation to viscosity enhancement [13, 77]. Bubakova et al. in particular,

have done a thorough study and review that includes aggregate size versus shear rate

measurements for a system of aqueous ferric-sulfate spheres [13]. They found that

aggregate size decreased with shear rate, while aggregate density increased. They

also found a linear relationship between aggregate size and integrated strain observed

in other systems of spherical particles [67, 71]. Other systems of spherical systems,

however, have been shown to exhibit exponential growth at early stages [44, 57].

Yearsley et al showed that aggregating suspensions of carbon black, which con-

tain spherical particles, and aggregating suspensions of carbon nanotubes have similar
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rheological signatures, though at different concentrations. They found that the struc-

ture of particles themselves weren’t very important and that it was the structure of

aggregates that were primarily responsible for the rheology.

Quantitative determinations of aggregate structure have primarily been achieved

via scattering techniques, which provide spatially averaged microstructural informa-

tion such as fractal dimension and anisotropy [55]. Direct optical microscopy has pri-

marily been used to extract qualitative information about aggregate microstructure

[51]. Very few studies have been able to say anything about the detailed aggregate

microstructure and how it relates to observed bulk rheological properties. A deep

examination of aggregate microstructure requires the combination of an accessible

material, sophisticated imaging, and advanced analytical techniques.

2.9 Smoluchowski Equation Population Balance Methods

Systems of aggregating particles have been modeled using population balance

methods, where aggregation and breakup kernels describing microscopic physics

are combined with an appropriate Smoluchowski coagulation-breakup equation

dni
dt

=
1

2

i−1∑
j=1

Kagg(i− j, j)ni−jnj

−
∞∑
j=1

Kagg(i, j)ninj −Kbrk(i)ni

+
∞∑

j=i+1

β(i, j)Kbrk(j)nj

(2.22)

where dni

dt
describes how the number of aggregates of i particles changes over time.

Kagg is the aggregation kernel, Kbrk is the breakup kernel, and β is the fragmentation

distribution function. Many aggregation and breakup kernels, as well as fragmentation

distribution functions are available in the literature [61, 82, 83]. The steady-state
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(dni

dt
= 0) solution results in a distribution of aggregate sizes in terms of their number

of constituent particles.

Researchers have attempted to describe disordered aggregates or particles as

having either fractal [55] or porous [81] structure. Such a description allows for the

Smoluchowski equation result to be converted from a distribution in the number of

particles to a distribution in particle sizes. For the fractal case, the number of particles

scales with the aggregate radius to a power known as the fractal dimension that less

than 3. In contrast, the number of particles in porous aggregates scale as aggregate

radius to the power 3 but with a porosity factor.

While prediction of an aggregate size distribution is an interesting result, an esti-

mate of resulting viscosity provides a more useful measure that is significantly easier

to verify through bulk rheology. The Krieger-Dougherty relationship (equation 2.17)

may be used to provide this bridge, when combined with an effective volume fraction

and an intrinsic viscosity. Unfortunately, estimating these parameters is only possible

in special cases.

2.10 Remarks

The background work presented here should give a flavor of the breadth and depth

of understanding required to successfully describe aggregation in colloidal rod sus-

pensions. Each topic presented here presents a rabbit hole of work that can, and has,

been extended into numerous scholarly books, while still achieving limited success in

advancing first principle understanding of the target class of systems. This is true

for experimental efforts, as well as theoretical and computational ones, each running,

independently, into substantial challenge.
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The work presented in this dissertation attempts to break the deadlock in under-

standing of real systems by developing experimental methods that uncover quanti-

tative measures that may be addressed theoretically, encouraging theoretical frame-

works and computational methods to make detailed, measurable, microscopic predic-

tions, rather than washed out bulk measures, and generally lead to scientific work in

the field that is verifiable, or at least falsifiable, not simply self-consistently within

the analytical framework, but in terms of an empirical understanding of the real

world. To do so I will present experimental techniques, mathematical models, and

theories that rely on the synthesis of experimental, numerical and theoretical results,

that together yield a greater understanding of SU-8 microrod aggregation than each

element independently could hope to.
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Chapter 3

Materials and Methods

3.1 Viscometry

In this work I employed a stress-controlled rheometer (MCR-301 by Anton Paar)

configured as a strain-controlled mode via feedback circuitry to measure viscosity. A

sample volume was placed between two plates kept at a known separation distance.

The bottom plate of the measuring setup was a fixed, flat, stainless-steel base, while

the top plate was rotated at a controlled rate by the rheometer. The rheometer mea-

sures and records the torque required to maintain the set rotation rate. Stress, strain

and viscosity are calculated from torque and angular velocity by taking into account

tool measurement geometry. To do so they must convert torque and angular velocity

to stress and strain rate, respectively in order to employ the relationship

σ = ηγ̇ (3.1)

that defines viscosity, η, as the proportionality constant relating stress and strain

rate.

Rheometers commonly employ cone-plate and parallel-plate measurement geome-

tries. In cone-plate geometry, a truncated cone is brought close to a flat surface,

with a sample placed between them. The result is a measurement gap that increases

proportionally with radial distance, creating a uniform strain rate over most of the
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measurement area. In a parallel-plate measuring geometry, the sample gap is con-

figurable by the operator, which is useful when shearing a sample in which large

structures may form. The applied strain rate, however, changes with radius.

The strain rate, γ̇ due to the rotation of a flat plate set at a gap, h, at a radius,

r, is given by

γ̇(r) =
rθ̇

h
(3.2)

where θ̇ represents the angular velocity. The area averaged strain rate over a tool of

radius, R, is then

〈γ̇〉 =
1

πR2

∫ R

0

rθ̇

h
2πrdr

=
2

3

Rθ̇

h
=

2

3
γ̇(R)

(3.3)

or 2
3
of the value at the edge of the tool. For a cone plate tool, on the other hand, the

gap, h is proportional to the radius giving.

γ̇ =
rθ̇

tan(φ)r

=
θ̇

tan(φ)

(3.4)

resulting in a strain rate that is independent of radius. In a real system, this relation-

ship is only true outside the truncation radius.

Since the torque is set directly, the rheometer needs to convert the specified torque

into a shear stress. For a parallel plate tool, the average shear stress, σ, is given by

σ =
4

3

τ

πR3
(3.5)

where τ is the torque. For a cone plate, on the other hand, the conversion results in

the shear stress (which is not constant across the tool) being
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σ =
3

2

τ

πR3
(3.6)

In both cases, the rheometer performs the calculation internally and outputs the

appropriate stress and strain. Viscosity was measured in this manner throughout this

work.

3.2 Confocal and Widefield Rheo-Microscopy

Widefield Rheo-Microscopy refers to the coupling of a stress-controlled rheometer

(MCR-301 by Anton Paar GmbH) to an inverted microscope (DMI4000b by Leica

Microsystems GmbH) in order to allow for imaging of samples under shear along

with simultaneous rheological measurements. The rheometer was mounted on a large

translation stage with the measurement head placed above the microscope’s objective

turret. To enable optical access, a measuring cup with a glass cover slip mounted inside

was used in place of the standard stainless steel base plate commonly used with the

rheometer. The microscope was configured with simple reflectance as well as dichroic

fluorescence filter cubes in order to enable both reflectance and fluorescence imaging.

A mercury lamp was used to illuminate the sample in both cases, while images were

captured using an sCMOS camera (pco.edge by PCO AG).

Time-series imaging was accomplished using either software control over the micro-

scope shutter and camera via MicroManager [22] or via hardware triggering using a

synthesized function generator (DS345 by Stanford Research Systems, Inc). A custom

shutter control cable was hooked to the light source to allow for TTL control either via

the function generator or via the rheometer’s analog outputs. Together, the combina-

tion of external triggering, software control and light source shuttering enabled pow-

erful imaging options that should not be forgotten in subsequent usage. For example,
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Figure 3.1: A Schematic of the Rheo-Microscopy Apparatus. Using a microscope objec-
tive (C) and associated optics, we gather fluorescence images of the sample fluid (B)
as it is being sheared by a rotating parallel plate rheometer tool (A). The rheometer
tool sets up a shear gradient that increases towards the edge of the tool (D).
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burst mode acquisition was possible by amplitude modulation of a high frequency

(30Hz) square wave with a PWM signal internal to the function generator. The mod-

ulation envelope was configured to trigger the light source shutter, while the function

output was used to trigger image acquisition. The result was the ability to acquire 5

images in quick succession every 1 second while still capturing data over a long period

of time with minimal photobleaching.

Confocal Rheology [21] was also employed, using an identical rheometer (MCR-301

by Anton Paar GmbH) coupled to a confocal microscope (SP5 by Leica Microsystems

GmbH) with a 63X water immersion objective, illuminated by a 488 nm Argon laser

and captured by a PMT detector. In this setup all control is provided by the commer-

cial software provided by the rheometer and microscope vendors with limited external

hardware control. It does, however, allow for imaging the 3D structure of appropriately

prepared samples. A fast z-scanning piezo allows for the visualization of dynamics in

some situations, as long as the acquisition time is small in comparison to the shear

time scale. An ideally prepared suspension for use in the confocal rheometer would

be both fluorescent and refractive-index matched in order to minimize beam scatter.

Unfortunately, these conditions cannot always be met.

Both rheo-microscopy setups may be temperature controlled using a bath cir-

culator (Isotemp 3006 by Thermo Fisher Scientific Inc) to pump water through a

copper radiator surrounding the measuring cup. When appropriate, samples were iso-

lated from atmospheric moisture by immersing the outside edge of the measuring tool

in a light mineral oil (Fisher Scientific Inc).
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3.3 Synthesis and Characterization of SU-8 Microrod Suspensions

Polymer microrods made of SU-8 photoresist (SU-8 25 by Microchem Corp.) were

fabricated using the method of Alargova et al. with the added step of incorporating

fluorescein salt into the photoresist prior to synthesis [2]. The procedure consisted of a

one-pot process in which the effects of solvent attrition, shear-induced emulsification,

and droplet breakup conspire to create rod-like particles of SU-8 resin in suspension

[2]. SU-8 is a UV-activated, epoxy-based, negative photoresist that is commonly used

in the fabrication of microfluidic devices. The resist, in its original commercial form,

consists of a proprietary solid epoxy resin dispersed in gamma-Butyrolacetone (CAS

number: 96-48-0). An SU-8 25 formulation, with fluorescein salt mixed in, is intro-

duced into a glycerol and ethylene glycol mixture that is being sheared in a stand

mixer. After a continued period of shearing, rod-like particles are formed. These parti-

cles are cross-linked by exposure to 366nm UV light, resulting in permanent rigid-rod

structures.

150 mL of 50% by volume Glycerol/Glycol mixture was sheared at high speed in a

stand mixer. While the solution was being mixed, 0.2 mL of the fluorescein and SU-8

mixture was injected under the impeller and subject to shear forces for 15 minutes.

The resulting rod suspension was cross-linked in a wide bottom dish placed under

366 nm UV light for 45 minutes. It was then centrifuged for 30 minutes at 3 × 103g

in order to remove the largest particles.

The suspension was then filtered through 60 µm and 43 µm nylon filters (Mem-

brane Solutions, LLC), followed by a 30 µm etched filter (Sterlitech Inc). The

remaining rods were captured by filtering through a 1 µm track-etched filter (Millipore

Inc). The rods trapped by this filter were resuspended into a fresh Glycerol/Glycol

solution of matching density (1.2 g/ mL), and stored in darkness at 4 ◦C.
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Variations in filtration were reduced by using a vertically mounted syringe pump

to drive the suspension through filters at predictable rates. The rate was set at 100

mL/ hr. Due to variations in concentration and size distribution, filters did clog,

inhibiting the syringe pump’s ability to drive the suspension through. In this situation,

manually generating a brief reverse flow by pulling back on the syringe was found to

allow the pump to continue. In the event that the filter became clogged beyond

recovery, a fresh filter was utilized. Only the 30 µm filter occasionally exhibited this

behavior.

3.3.1 Size Characterization

The synthesis and filtration process resulted in a polydisperse suspension of microrods

having an average length of 19.8 µm and an average diameter of 2.27 µm determined

by directly imaging aqueous rod suspensions that have been made to settle on a cover

slip (Figure 3.2). Standard deviations in length and diameter were found to be 11.0

µm and 1.18 µm, respectively.

The average length of the SU-8 rods produced can be controlled by manipulating

the stand mixer’s rotation torque. Further control of the size distribution was possible

through density gradient centrifugation, though yields were too low to be practical

for experimentation. Thus, this step was omitted.

Concentration is controlled by first generating a high concentration stock by cap-

turing a large number of rods on a 1 µm track-etched filter. For higher concentrations,

more source volume is used. This stock is diluted with a fresh mixture of 50%/50%,

by volume, aqueous glycerol solution and vortexed in order to obtain lower concentra-

tion suspensions for experimentation. The exact concentration was determined by 3-

dimensional imaging of a dispersed, diluted sample in the confocal-rheometer system

and using simple thresholding to obtain a rod volume fraction. Concentrations for

29



0 20 40 60 80 100
0

20

40

60

Length [μm]

C
ou

nt

0 2 4 6 8 10
0

20

40

60

C
ou

nt

Width [μm]

25 um

A

B

C

Figure 3.2: Size Distribution of SU-8 Microrods. Representative (A) length, and (B)
width distributions of polydisperse SU-8 microrods, shown in (C). The mean length
of the rods is 19.8 µm with a standard deviation of 11.0 µm, and the mean diameter
is 2.27 µm, with a standard deviation of 1.18 µm

higher concentrations were determined from measuring the low concentration sample

and rescaling based on the controlled dilution.

3.3.2 Viscosity Characterization

Prior to viscosity measurements being made, systems were initialized by the appli-

cation of high shear (1000 1/s) for 10 minutes in order to ensure the break up of

any aggregates and generate a reproducible initial state. Systems were reinitialized

between measurement runs.

Steady-state and transient viscosity of the resulting suspensions were obtained by

utilizing the viscometry techniques described earlier. Steady-state data was obtained

by shearing at logarithmically spaced shear rates while letting the rheometer collect

data until a stable value had been reached. Transient viscosity measurements were
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Figure 3.3: Steady State and Transient Viscosity. (A) Representative steady-state
viscosity curves for polydisperse SU-8 microrod suspensions at two different concen-
trations measured with a 25 mm parallel plate rheometer tool with a 0.2 mm gap.
The system may be reversibly driven between aggregated to dispersed states with no
hysteresis. (B) Representative transient viscosity measurements as aggregates form
starting from a dispersed state. Measurements were made in conditions identical to
the steady-state curves

performed by the continuous application of shear at the target shear rate directly

after initialization, with data being collected at 1 second intervals.

Steady-state suspension viscosity revealed a characteristic shear-thinning behavior

(Figure 3.3A) seen in many different systems including suspensions of latex spheres

[17], cellulose whiskers [9], carbon black, and carbon nanotubes [86]. Both increasing

and decreasing shear rate ramps exhibited identical behavior with no observed hys-

teresis. As shear rate was increased the overall suspension viscosity approaches the

solvent viscosity. An initially dispersed system exhibited a transient viscosity increase

that eventually reached a steady state plateau (Figure 3.3B).
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3.4 Aggregate Size Measurement through 1-D Autocorrelation

Images of the suspension were median filtered using a 3x3 window to eliminate single

pixel noise. Due to the shear induced flow field as well as the high time resolution of

the images, intra-frame as well as inter-frame photobleaching effects were present in

the data. These were removed by normalizing the intensity at each pixel by the local

average in a surrounding 201 pixel (822 µm) square window.

The tool’s center coordinate was calculated by computing PIV streamlines and

fitting them to circles. This allowed for the calculation of one dimensional constant

shear rate arcs along which to measure intensity profiles. Analysis was confined to

arcs located at radii between 7.2 mm and 8.8 mm so as to stay away from edge and

central effects. Arcs were spaced radially by 20 pixels (82 µm).

Aggregate length scales were computed calculating one-dimensional intensity auto-

correlation functions along the previously calculated constant shear rate arcs. Inten-

sity profiles were regridded to 1 pixel (4.09 µm) spacings along the specified arcs.

Autocorrelations were computed as

R(s) =

〈
(Ix − I)(Ix−s − I)

〉
var(I)

(3.7)

where Ix is the pixel intensity at a point x, I, the mean pixel intensity, and var(I)

the variance of the pixel intensity. Brackets represent an ensemble average over all

samples of lag s. The length scale was then taken as the spatial lag associated with

the autocorrelation function decaying to 1/e (Min(s) | R(s) = 1/e).

3.5 Determining Microrod Flow through Particle Image Velocimetry

Particle Image Velocimetry (PIV) refers to the measurement of a flow field through

the tracking of small, embedded particles. In situations where the tracer particles

32



cannot be tracked directly, correlation methods are used determine the average flow

within an analysis region. The flow displacement, ~d is taken to be displacement from

center of the maximum value of the intensity cross-correlation function for the region

under consideration between successive frames.

In our system, we use the fluorescent rod aggregates themselves as the tracer par-

ticles. We then apply the Fourier cross-correlation theorem, computing the correlation

between subsequent frames as

xcorr(~x, t) = F−1( ¯F(Rt) · F(Rt+1)) (3.8)

where the dot, in this case, represents element-wise multiplication, and R is the

selected region around ~x. ~d for this region is chosen as the location of the maximum

value of xcorr.

This method is applied to distinct rectangular regions of the input image pair in

order to obtain the average flow within each. Through this we can determine the x-y

particle flow field for rods sheared and imaged via widefield rheo-microscopy.

3.6 Automated Tracing of Confocal Volumes containing Rods and

Fibers

Traditional particle finding techniques[16] have been applied to low aspect ratio ellip-

soids to good effect[31]. Using these techniques on SU-8 fiber aggregates, however,

is hindered by their large aspect ratio, small inter-particle spacing, a highly non-

spherical particle geometry. Aggregates formed in fiber suspensions share some mor-

phological features with the fiber networks present in hydrogels such as collagen. Both

systems consist of locally cylindrical elements that form a percolated structure. As a
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result, we can employ processing techniques developed for quantifying gel structures

to fiber aggregates as well.

Previous research groups have explored methods to reconstruct the 3-D geometry

of fibrous gels, such as collagen, by tracing the centerline of a thresholded volume,

imaged using LSCM[85][72]. Inspired by their work, we have created a method that

uses the full intensity information available in the imaged volume when tracing fiber

backbones. This is accomplished by considering a local intensity-inertia tensor in a

spherical neighborhood around each point in the volume. That is, for a neighborhood,

V, the inertia tensor with respect to the standard Cartesian axes is given by

I =

∫
V

ρ(x, y, z)


y2 + z2 −xy −xz

−yx x2 + z2 −yz

−zx −zy x2 + y2

 dV (3.9)

Diagonalizing this tensor provides a local fiber orientation that can be followed in

order to extract the fiber geometry. The lowest-eigenvalue eigenvector is selected as

the primary axis of fiber in the specified region.

Prior to computing the inertia tensor, the confocal volume is interpolated to have

cubic pixels, in order to simplify subsequent processing. It is then filtered using a

specially designed convolution kernel that is tuned to the known fiber radius. Given

a spherical neighborhood where voxels in the neighborhood are labeled as 1 and

those outside are labeled as 0, the kernel consists of the neighborhood, normalized so

that the sum of its elements is 1, subtracted from the Euclidean distance map of the

neighborhood’s complement, also normalized so that its elements sum to 1. The radius

of the sphereical neighborhood is chosen to be slightly larger than the empirically

determined fiber diameter. This filter serves to smooth out plateaus, enhance strucures

of a specified width, and supress structures slighly larger than this width while leaving
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structures significantly larger in tact. This volume is passed through to subsequent

stages in the tracing process.

For the tracing stage, given a point, ~xi, along a rod or fiber center-line, and the

primary axis, d̂, the first step is to predict the next point along the backbone, ~pi+1,

by computing

~pi+1 = ~xi + d̂(~xi) (3.10)

Due to discretization errors, this value must then be corrected using a local hill-

climbing stragegy to remain on the fiber backbone. The appropriate portion of the

3x3x3 neighborhood of the predicted coordinate that maintains forward progress is

used for this calculation. Finally, this process continues in both the forward and

reverse directions, until reaching a cutoff threshold that corresponds to the noise

level of the input volume. The entire tracing process is repeated for a list of candidate

points, ensuring there are no collisions between traced fibers so as to avoid double

tracing.

Determining candidate points for the tracing algorithm is, in general, a challenge.

Many methods were attempted, including abusing particle finding methods as well

as peak finding of leaves in an oct-tree partitioning of the confocal volume. The

chosen method looks to generate an excess of candidate starting points and relies on

the condition of non-overlapping fibers to filter out unnecessary points. A specified

number of points are chosen from a spatial distribution weighted by the intensity

values of the confocal volume. These points are constrained to be separated by a

specified screening distance. The resulting set of points that qualitatively resembles

the locations of embedded microspheres in a collagen gel.
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Chapter 4

A Quantitative Study of Shear-Driven Aggregation in an SU-8

Microrod Suspension via Low-Magnification, Widefield Microscopy

and Bulk Rheology

4.1 Experimental and Analysis Procedures

Suspensions of two volume fractions (φ = 0.07 and φ = 0.04) were prepared according

to the procedure explained in Section 3.3. Microscopy and viscometry was performed.

Steady-state and transient viscosity measurements were performed using a

rheometer (MCR-301 by Anton Paar GmbH) fitted with a 25 mm parallel plate

tool set 200 µm above a stainless steel base plate. Temperature was held at 25 ◦C

using Peltier-based base and hood temperature control devices (P-PTD 200 by

Anton Paar GmbH). Nitrogen was circulated through the sample chamber in order

to mitigate the hygroscopic tendency of the glycerol used in the suspension solvent.

Prior to each measurement series, the system was initialized by application of high

shear (1000 1/s) for 10 minutes in order to fully disperse the suspended microrods.

Steady-state viscosity measurements were made by letting the rheometer determine

the integration time necessary to achieve a stable result. Transient viscosity measure-

ments were taken at 1 second intervals.

Fluorescence images were captured using the widefield rheo-microscopy setup

described in Section 3.2 through a 1.6X objective. Sample temperature was con-

trolled at 25 ◦C by using a bath circulator (Isotemp 3006 by Thermo Fisher Scientific
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Inc.) to pump water through a copper radiator surrounding the measuring cup. The

sample was isolated from atmospheric moisture by immersing the outside edge of the

measuring tool in a light mineral oil (Fisher Scientific Inc).

The system was initialized just as for the pure rheological experiments whose

results were reported in Section 3.3.2. Images were collected at 1 second intervals

using a shutter to synchronize illumination with the camera exposure in order to

minimize photobleaching. Despite this precaution, photobleaching did occur over the

duration of the experiment and was corrected in post processing.

The tool’s center coordinate was calculated by computing PIV streamlines and

fitting them to circles. This allowed for the calculation of one dimensional constant

shear rate arcs along which to measure intensity profiles. Analysis was confined to

arcs located at radii between 7.2 mm and 8.8 mm so as to stay away from edge and

central effects. Arcs were spaced radially by 20 pixels (82 µm).

Aggregate length scales were computed calculating one-dimensional intensity auto-

correlation functions along the previously calculated constant shear rate arcs. Inten-

sity profiles were regridded to 1 pixel (4.09 µm) spacings along the specified arcs.

Aggregate length scales were computed as described in section 3.4.

4.2 Results

Direct visualization of the SU-8 microrod suspension under shear via wide-field fluo-

rescence microscopy showed coarsening and subsequent formation of aggregates begin-

ning at the edge of the tool where both shear rate and integrated strain are largest

(Figure 4.1). The region containing aggregates subsequently expanded toward the

center until it effectively spans the field of view. Aggregates formed under shear were
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Figure 4.1: Aggregate Formation Pictures. Aggregation of an φ = 0.07 SU-8 microrod
suspension subjected to steady shear (1.5 1/s edge shear rate), starting from a dis-
persed state. From left to right, the images were taken at 0, 50, 100, 150, 200, 250,
and 300 seconds from the start of shearing. The region considered for analysis is
highlighted in the first image of the series. The flow direction is tangential to a circle
whose center is located below the displayed images, slightly out of frame. The scale
bar represents 1mm. The full time evolution can be seen in the supplemental movie.

observed to be completely broken up by high shear, resulting in a system that may

be reversibly evolved from a dispersed to aggregated state and back again.

Aggregate size, as measured via intensity autocorrelation (equation 3.7, Figure

4.2A) was found to increase with applied strain (Figure 4.2C,D) until a steady-state

aggregate size was reached at after a few hundred integrated strain units. Differences

in steady-state aggregate size were observed between different shear rates (figure 4.2

b). The curves representing aggregate size versus strain closely followed the measured

viscosity increase (Figure 3.3B), both in curve shape and in the location of the point

of inflection.

We have analyzed the early-stage aggregation with a simple kinetic model, similar

to those used for suspensions of low aspect ratio particles [28, 77]. Assuming non-

fractal growth of porous aggregates, the relationship between aggregate radius and

the number of particles in an aggregate can be written as
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Figure 4.2: Aggregation Length Scales. (A) Intensity autocorrelation (eq. 3.7) at dif-
ferent times after the start of shearing are shown for φ = 0.07 concentration suspen-
sions, with an applied shear rate of 1 1/s. The aggregate length scale was defined to
be the length at which the normalized autocorrelation function crosses 1/e. (B) The
steady state aggregate length scale decreased with increasing shear rate in a manner
reminiscent of steady state viscosity measurements (Figure 3.3). (C, D) Aggregate
length scale increased as shear-induced structures form in (C) φ = 0.07 and (D)
φ = 0.04 SU-8 microrod solutions. Higher concentrations appeared to aggregate faster
than lower concentrations consistent with shear-driven collision based processes.
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n = α
Vagg
Vrod

=
α (4/3) πr3

Vrod
→ r =

(
nVrod

α (4/3) π

)1/3

(4.1)

where n is the number of rods in the aggregate, r is the radius of the aggregate, and α

represents the volume fraction of particles in an aggregate. Vrod and Vagg represent the

volume of a rod and the total volume of the aggregate, respectively. We assume that,

in the early-stage, low shear rate limit, all particles encountered by the aggregate as

it sweeps through a dispersed field (of density ρ) will join the aggregate. The time

evolution of the size of the aggregate will thus follow

dn

dt
= γ̇r · ρ · r2 (4.2)

where γ̇r represents the relative velocity of the suspension and the aggregate, and r2

represents the aggregate cross-sectional area. Due to the complexity of the aggregate

shape, there is an unknown geometric factor of order unity (4/3 for perfectly spherical

aggregates) that would change the precise values for the density, but not the observed

shear rate dependence.

Subsequent substitution and integration lead to the predicted relationship between

aggregate size and integrated strain,

r(γ) = A exp

(
Vrodργ

4πα

)
(4.3)

This relationship was fit to the experimentally measured early-stage aggregate

growth, using α and A as the free parameters. The fit range was chosen independently

for each curve starting from the strain where the aggregate length first starts to

increase, and ending before nearing the steady-state plateau. α, the aggregate volume

fraction as determined by the fitting process, increased with shear rate, although

aggregates remain smaller (Figure 4.3B).
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Figure 4.3: Early Stage Aggregation and Kreiger-Dougherty Fits. Early stage aggre-
gation curves (A) closely follow the aggregation model (equation 4.3) in the scaling
region. Representative data is shown for φ = 0.07 (orange) and φ = 0.04 (turquoise)
at γ̇ = 1 1/s. The fits reveal an aggregate density that increases with shear rate (B).
Krieger-Dougherty (KD) derived fits that take into account increasing aggregate den-
sity with shear rate (equation 4.4) work well for lower concentrations (C) where the
model does not predict a divergent viscosity at a positive shear rate. High concentra-
tions (D) deviate significantly from the predicted behavior since equation 4.4 diverges
at a positive shear rate. This is consistent with the system evolving into a gel-like
state (D, inset) which would not be described by equation 4.4. Scale bars represent 1
mm.
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Direct imaging showed that once a suspension had reached a steady-state viscosity,

the vast majority of microrods were in aggregates (Figure 4.1). Mass conservation and

the calculated aggregate density, along with the assumption of complete aggregation,

allows an estimation of the overall suspension volume fraction that is filled with

aggregates. A Krieger-Dougherty-type constitutive relation that is commonly used

to describe the impact of suspended particles on the viscosity of a suspension [61]

was combined with the calculated aggregate density to yield a shear rate dependent

viscosity enhancement with one free parameter, the intrinsic viscosity, [η].

η

η0
=

(
1− φ

φmax

)−[η]φmax

=

(
1− φrods

φagg (γ̇) · φmax

)−[η]φmax
(4.4)

In this equation, φmax, the maximal packing fraction of the system, at which point

the viscosity diverges, was set equal to 0.62 in order to be near the value for random

close packing of spheres. [η], the intrinsic viscosity, is a geometric factor that measures

the solute’s contribution to the overall suspension viscosity [28]. φrods and φagg are

the volume fraction taken up by the rods themselves and the shear-rate dependent

steady state aggregate volume fraction, respectively, determined from the calculated

aggregate density as described above.

Equation 4.4 fits the steady-state shear thinning curve for low concentrations

quite well, with an intrinsic viscosity of 4.23, but breaks down for larger ones (Figure

4.3C,D), because of the divergence at a shear rate near the fit region. Therefore, to

construct a model curve for the high concentration sample, the intrinsic viscosity

determined from the low concentration fit was used instead (shown as the blue curve

in Figure 4.3D). This method yields a better representation of the underlying physics
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and agrees better with the measured rheology than the one built from the high con-

centration’s fit parameters, suggesting that the value of 4.23 is a reasonable overall

estimate of the intrinsic viscosity of SU-8 microrod aggregates formed under shear.

This is in contrast to the reported result of [η] ≈ 20 for carbon nanotube suspen-

sions obtained by appealing to a dilute-limit relationship [48], suggesting that details

of material properties and deformation mechanics may generate substantial intrinsic

viscosity differences between aggregates that are, at first glance, geometrically similar.

Under high magnification using confocal microscopy, the aggregates appeared to

be disordered, porous structures with limited surface ordering (Figure 4.4). Close

examination of the dynamics of the regions around the aggregates via confocal rhe-

ology showed dramatic fluctuations in the flow field, consistent with the above model’s

approximation that no fluid flows through the porous aggregates, and therefore their

presence increases the volume fraction of the suspension. A direct reliable measure-

ment of aggregate density via confocal microscopy is not possible due to the refractive

index mismatch between the rods and the surrounding fluid, but images of the outer

shell like the one depicted in Figure 4.4 are at least roughly consistent with the

aggregate density predicted by the model.

4.3 Discussion

The combination of an aggregate density that grows with shear rate and the assump-

tion of complete aggregation at steady state leads to a viscosity model that is consis-

tent with experimental data over a wide range of shear rates. While perhaps counter-

intuitive, the positive correlation between shear rate and aggregate density is consis-

tent with previous analyses of fractal dimension in aggregates of spherical particles

[13]. For high aspect ratio particles, the increase in aggregate density may be the
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Figure 4.4: Aggregate Surface Structure. The 3D surface structure of an SU-8 microrod
aggregate formed at a shear rate of 0.5 1/s and captured using a confocal microscope,
appears highly disordered. In movies, structures such as this one appear to dramati-
cally disrupt the surrounding flow field
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result of rearrangements in the aggregate structure immediately following the colli-

sion process. An initial encounter between a microrod and an aggregate will result

in a single contact, but subsequent motion due to fluid stresses would allow for an

increase the number of contacts, which can be quite high for assemblies of high aspect

ratio particles. The number of contacts necessary to create a stable configuration (and

therefore stabilize the particle) will be higher at higher shear rates, producing denser

aggregates.

At very low shear rates and high concentrations, where the Krieger-Dougherty-

based model appears to break down, aggregates are sufficiently large that the system

may be in a more gel like state. This is supported both qualitatively by the struc-

ture of the high concentration system at low shear rates (Figure 4.3D, inset) as well

as theoretically in that the model at high concentration predicts a divergence at a

positive shear rate. In a hard sphere or similar structurally static suspension, this dis-

continuity would represent a space filling, and therefore arrested system. Measured

viscosity in this context would be a consequence of gel deformation rather than drag

on suspended particles.

While the simple model presented is encouraging, especially since it allows for the

estimation of the intrinsic viscosity, [η], there are some potential weaknesses inherent

in the assumptions. For example, relaxing the assumption that every encountered rod

is added to an aggregate (by introducing a sticking probability) results in a functional

form identical to equation 4.3 except with an additional collision probability in the

exponent, which would produce similar fits but lower values for the aggregate density.

While in reality the sticking probability is undoubtedly a function of shear rate and

aggregate size, the success of the model presented here suggests that it may not be a

major effect for this system.
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There is also an alternate potential pathway to increasing aggregate density with

shear rate in which loosely-bound aggregates are broken up by shear stresses, resulting

in a system where only tightly-bound, compact aggregates remain. Our ability to

redisperse an aggregated system by the application of high shear might lead us to

prefer this type of explanation, though these dynamics are excluded from the model.

4.4 Conclusion

The combination of rheological measurements and quantitative image analysis allows

for direct study of the structural dynamics present during shear-induced aggrega-

tion, as well as their association with bulk material properties. The micron-scale,

non-Brownian suspension of SU-8 microrods utilized here provides a useful balance

between the faithful modeling of industrially relevant materials and accessibility to

confocal and wide-field microscopy that enables experimental examination of these

microscopic dynamics in greater detail than has previously been available.

We have presented direct measurements of the growth in aggregate size as a func-

tion of integrated strain, and shown that a simple porous-growth model is sufficient

to describe early stage aggregation within our system, allowing us to conclude that

aggregate density increases with shear rate. Using this result we have presented an

augmented Krieger-Dougherty model that describes the shear-thinning behavior of

aggregating rod suspensions reasonably well at concentrations and shear rates for

which the aggregates behave as independent particles in suspension rather than an

interconnected gel.

These results constitute a quantitative, direct experimental demonstration of the

association between aggregation dynamics and viscosity enhancement in a rod sus-

pension, and demonstrate how the combination of quantitative imaging and rheology

46



can help advance fundamental understanding of how the dynamic structural features

of complex fluids influence their material properties.

Much of these results were previously reported [42].
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Chapter 5

Measuring Particle Flow-Fields via Higher Magnification Imaging

5.1 Measurement Procedure

A suspension of SU-8 microrods, prepared according the procedure in Section 3.3,

was subjected to steady shear using the micro-rheo system described in Sections 3.1

and 3.2, fitted with a 25 mm parallel plate tool. Prior to each measurement series,

the system was initialized by application of high shear (1000 1/s) for 10 minutes

in order to fully disperse the suspended microrods. The experiment was done at

room temperature (22 ◦C) and the sample was isolated from atmospheric moisture

by immersing the outside edge of the measuring tool in a light mineral oil (Fisher

Scientific Inc) in order to mitigate the hygroscopic tendency of the Glycerol-Glycol

solvent.

Fluorescence images were captured using the widefield rheo-microscopy setup

described in Section 3.2 through a 20X objective. The objective was positioned 8.0 mm

from the center of the measuring tool. At each shear rate, bursts of 5 images spaced

33.3 ms apart were collected every second for the duration of the 600 s experiment.

Burst acquisition was achieved by using a synthesized function generator (DS345

by Stanford Research Systems) outputting a 30 Hz TTL signal to trigger the camera

shutter. This signal is internally modulated by a 1 Hz carrier used to trigger a 5

pulse burst. The modulation envelope is used to shutter the light source in order to

minimize photobleaching.
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Aggregate volume fraction was measured by determining the fraction of pixels in

images above a set threshold in the later stages of the experiment (500 to 600 seconds).

In order to eliminate threshold selection bias, the threshold value for each data set was

automatically determined by using the isodata iterative threshold selection algorithm

[64] on each frame within a series and averaging the resulting values. The determined

threshold value was verified by eye to be a reasonable segmentation choice.

5.2 Results and Discussion

The experimental procedure described above results in images of sufficient detail to

discern both aggregate outlines as well as inner detail. Thus the aforementioned pro-

cedure was utilized to measure aggregate volume fraction as a function of shear rate,

in order to corroborate aggregate density results determined in Section 4.2. Overall

aggregate volume fraction decreased with shear rate, which is consistent with results

obtained by fitting the early stage aggregate growth that indicated that aggregate

density increased with increasing shear rate, and the observation that all rods were

in aggregates in the steady state.

The consistent measurements of aggregate volume fraction obtained in two dif-

ferent experimental realizations by entirely different mechanisms give confidence in

the validity of the results. As such, previous results may be extended in order to

establish estimates of the number of rods in an aggregate, as a function of shear rate.

To do so we equate the filled volume of an aggregate as determined by the aggregate

density, measured in Section 4.2, with the average volume of n individual rods. That

is,
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Figure 5.1: Aggregate Volume Fraction Measurements. The volume fraction of the
aggregates in suspension as measured by thresholding (blue points) corresponds to
estimates made by combining the aggregate length scale as measured by correlation
methods with the assumption that all rods end up in aggregates in the steady state
(boundary lines). The lower boundary line represents a rod volume fraction of 0.04
while the upper boundary represents 0.07.
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(5.1)

The resulting estimates are shown in Figure 5.2.

Using the detail available in these comparatively high magnification images, cross-

correlation based particle image velocitmetry was employed to measure rod flow fields.

A representative flow field for for the early stage of aggregate formation is shown in
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Figure 5.3. Analysis of later stage flow fields is potentially complicated by large open

spaces around aggregates that develop due to shear, as shown in Figure 5.4.

Despite this complication, as well as noise considerations, we can attempt to char-

acterize the measured flow fields by computing the mean and standard deviation

of the velocity components for each PIV frame over time. The standard deviation

graph (Figure 5.6), in particular, shows an increase variation of the velocity field as

aggregation progresses. Unfortunately the data does not yet support drawing strong

conclusions about the form of this increase or how it changes with shear rate.

Additionally, the mean x velocity, as measured by PIV at short intervals, is some-

what low when compared to simple minded estimates. For example, given a measure-

ment at the chosen radius (8.0 mm) and at the center of the imaged depth-of-field

volume, we would expect a velocity of about 60 µm/γ, in the absence of flow-induced

rotation of aggregates. However, rotation effects are indeed quite significant in the

measurement geometry, and the ability to discern these is perhaps an important

experimental feature.

Despite the limited scope to which the PIV flow fields may be responsibly analyzed,

at present, they do provide a tantalizing tease of dynamical details present during

the aggregation process that may soon be accessible and quantifiable by direct exper-

imentation. An application of the presented techniques with a specifically engineered

imaging platform (particularly one with 3-D capabilities) could allow, for example, for

the inference of the fluid flow field from the particle flow field, thereby giving a quan-

tity whose gradient is directly proportional to bulk viscosity, via a system average. It

is clear that with such opportunities nearly within reach, further enhancement of PIV

techniques alongside rheometry and microscopy of colloidal rod suspensions should

be pursued as a distinct research project.
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Figure 5.3: Early Stage Flow Field. The early stage rod flow field, as measured by
PIV, reveals largely uniform flow with small but visible direction and magnitude
fluctuations. Dilute-limit, non-aggregating flow would not generate these fluctuations.
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Figure 5.4: Later Stage Flow Field. After aggregates have developed, deviations in
the rod flow field are most visible in the empty spaces between aggregates as well as
on the edge of aggregates. Small deviations away from the average flow are also seen
at some points within aggregates.
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Figure 5.5: Average Flow Velocity. The x and y components of the average flow
velocity are shown here. The component parallel to the flow direction, y (solid curves),
exhibits a curious change in magnitude at intermediate values of integrated strain,
for all aggregating realizations. Strongly aggregating series exhibit an more apparent
deviation.
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Figure 5.6: Standard Deviation of Flow Velocity Tracking the standard deviation of
the flow velocity in x and y over the course of shearing shows that it increases with
increasing strain and appears to reach a plateau. No further conclusions can be drawn
from the data at this time.
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Chapter 6

Incorporating Interaction Strength into an Aggregation Picture

The interaction strength between two SU-8 rods separated by a Glycerol-Glycol sol-

vent (50/50 by volume) was estimated using the results of an appropriate contact

adhesion test [43]. In this experiment, a spherical lens coated with the same material

as the microrods was brought into contact with a similarly coated glass slide using a

nanopositioner connected to a load cell. This setup was mounted onto a microscope

so that the contact area between the lens and the slide could be measured. Contact

force as well as contact area were measured as a function of distance by bringing the

lens and the slide into contact and then separating them.

The resulting force displacement curve reflects the combination of elastic repulsion

and adhesive forces. Johnson, Kendall, and Roberts described this combination in

terms of a thermodynamic work of adhesion, derived from the energy cost of creating

interface between the contacting bodies versus the surrounding solvent, and elastic

repulsion due to a Hertzian contact, forming what is known as JKR theory [43]. Other

researchers reworked JKR theory into more more convenient forms. These results show

that, for a sphere contacting a plane, or two crossed cylinders, the thermodynamic

work of adhesion, G, is given by

G =

(
P − 4E∗a3

3R

)2

8πE∗a3
(6.1)
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where P is the load on the system, E∗ is the material’s shear modulus, a is the contact

radius, and R is the radius of the sphere. Using the experimentally determined load

force and contact area, shown in Figure 6.1, the work of adhesion, G, is determined

to be 14 mJ/m2. The Hertzian contact provides the relationship, a2 = Rd, where

d is the distance the sphere is pushed into the plane, which may be combined with

Equation 6.1, yielding the predicted force-extension curve

F = − (GπE∗)1/2 (Rd)3/4 +
4E∗

3R
(Rd)3/2 (6.2)

where the load on the system has been relabeled, F , to represent the interaction

force. Using measured values of E∗, R, and G for the SU-8 microrods described in

Section 3.3, the JKR prediction of the force on microrods that come into contact is

shown in Figure 6.2A. The force is zero up until the point that the surfaces touch

(d = 0) as well as a the point that the elastic repulsion perfectly balances the adhesive

contact. In between, there exists a minima that represents the largest attractive force

experienced by the rod, which is predicted to be 66 nN for our measured material

parameters. This force corresponds to a contact area of 0.003 µm2 .

6.1 Breakup Force Estimates

The hydrodynamic forces associated with the breakup of two stuck rods can be esti-

mated by considering the hydrodynamic drag on a single rod placed in a flow due to

an applied shear rate. The drag on such a rod placed perpendicular to a flow may be

estimated via slender body theory to be

4πη0lγ̇d

log(α)
(6.3)
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Figure 6.1: SU-8 Force-Indentation. Load force versus indentation amount for a coated
sphere brought into contact with a coated surface and then retracted. The surfaces
were separated by a Glycerol/Glycol solvent (50/50 by volume).
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Figure 6.2: JKR Theory Force-Extension Curve. The JKR force-extension curve
(Equation 6.2) where the shear modulus, E∗, is 2 GPa, the work of adhesion, G,
is 14 mJ/m2, and the rod radius, R, is 1 µm. This results in a maximum adhesion
force of 66 nN which occurs at an indentation distance of 0.85 nm.
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where α is the aspect ratio of the rod, l is the length of the rod, γ̇ is the applied shear

rate, and d is the diameter of the rod [18]. For the SU-8 microrods used in this work

(l=20µm, d=2µm, η0=0.1Pa s), this corresponds to a 0.02 nN force at a shear rate of

1 1 Hz.

One can also consider the hydrodynamic forces associated with removing a rod

from the surface of an aggregate. A crude estimate of this force can be made by

considering a local effective shear rate associated with fixing the fluid velocity on the

surface of a spherical aggregate to be 0, and assuming the fluid velocity at the rod

surface to be the velocity of the fluid in the absence of an aggregate. That is,

γ̇eff =
v(Ragg + 2Rrod)− v(ragg)

2Rrod

=
γ̇(Ragg + 2Rrod)

2r

(6.4)

where Ragg is the radius of the spherical aggregate, Rrod is the radius of the rod, and

γ̇ is the applied shear rate. The viscous stress associated with this effective shear rate,

considered as a drag on the cylindrical surface of the rod (excluding the caps), results

in a 0.6 nN force for a 100 µm radius aggregate in a 1 1/s shear flow.

6.2 A Consistent Aggregation Model

The results enumerated in both the current chapter as well as chapter 4 provide a

wealth of raw material by which to posit a consistent, detailed description of the

shear-driven aggregation process in our SU-8 microrod suspension. Prior to doing so,

it is useful to briefly summarize what our current data and analysis indicates. Such a

summary follows.

The SU-8 microrod suspensions studied in this dissertation show steady-state

shear thinning flow curves with viscosity asymptoting to a value slightly above that

of the solvent with increasing shear rate. These curves show no clear hysteresis in
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the steady-state. Aggregates are observed at low shear rates, and their size decreases

with increasing shear rate. Aggregate size also increases with concentration. The

density of individual aggregates increases with increasing shear rate, and the growth

of aggregates is found to be exponential at early stages.

Adhesion forces between rods in the suspension have the potential to be extremely

strong, overpowering all hydrodynamic drag force estimates for the system. Thus, the

combination of drag force estimates and adhesion force measurements indicate that

hydrodynamic forces aren’t sufficient to breakup aggregates of SU-8 rods at shear

rates where they are observed to break up (ie. at rates below 1000 1 /s).

The combination of the observed early-stage exponential aggregate growth and

aggregate density results indicate that, to good approximation, aggregates grow by

adding nearly every encountered rod as they tumble through the fluid due to the

applied shear. This picture is strengthened by the strong adhesion force measure-

ments. The aggregate size versus concentration results, as well as density versus shear

rate results indicate that steady-state aggregate size is regulated by the depletion of

rods in the neighborhood surrounding a nucleated aggregate rather than by a compe-

tition between shear and cohesive forces. Further, with hydrodynamic forces being too

weak to overcome the measured adhesive forces, it is likely that aggregates break up

spectacularly due to the build up of internal stresses, rather than due to incremental

erosion of the aggregate surface.

This presented picture of aggregate growth and breakup helpfully suggests some

specific effects that may be sought via theoretical, experimental, and computational

work. Firstly, this pictures predicts significant rheological hysteresis at short times

that goes away at long times. That is, a viscosity versus shear rate curve measured

with a small integration time should be significantly different when measured from

low shear rates to high shear rates as compared to the reverse.
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Secondly, aggregates should retain memory of their formation conditions after

small changes in shear rate. In other words, an aggregate formed at γ̇0 and then

subject to a shear of γ̇0 + δ should be topologically identical before, and after, while

having a different size and density.

Finally, and most tenuously, the lack of aggregation at higher shear rates, given

the adhesion force and hydrodynamic force estimates, suggests that there may be a

dynamic effect that makes a three-rod aggregate unstable at lower shear rates. For

example, given a two-rod aggregate that encounters a third rod, the aggregate must

decide whether to add the third rod, reject the third rod, or switch the first bond

to the second one. It is possible that stresses may be sufficient to inhibit adding the

third rod while still allowing the two-rod aggregate to exist.
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Appendix A

Collagen Data Analysis

Collagen is the most abundant extracellular matrix protein in mammalian tissue

and represents an important scaffolding material for biological assays. A variety of

researchers have shown that collagen exhibits dramatic a strain stiffening behavior

that is often seen in biopolymer networks [74, 80]. The stress response has shown to

be consistent with a transition from a bending to a stretching domain that associated

with non-affine deviations [58]. It has further been shown that rheological measure-

ments of collagen networks are influenced by the measurement gap, and that the

differences may be reconciled by taking into account the pore size of the network

[5]. Properties and explanations such as these highlight the need for data processing

techniques that extract microscopic geometric information from experimental data to

determine properties such as pore size and non-affine displacement.

As part of this dissertation, a number of analytical techniques were implemented

and developed to help further understanding of strain-stiffening in collagen networks.

These are presented here as a starting point for further research.

A.1 3-D Pore Size Measurement

Given properly segmented confocal volumes of fluorescent collagen, it is possible to

determine the pore size distribution directly, in 3 dimensions using the Maximal Cov-

ering Radius Transformation [54]. This is in contrast to the 2-D method proposed
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by Kaufman et al [39], though the results found for collected collagen data were

comparable.

Segmenting images for use in pore-size analysis can be a highly variable and chal-

lenging process. Mickel et al chose to reconstruct a collagen volume from fiber medial

axes, after significant filtering. The number of factors affecting this approach are

significant, due to the complexity of the chosen skeletonization scheme, resulting in

a variability that has, unfortunately, gone unrecognized in the literature [72, 85]. In

addition, unlike the method suggested in Section 3.6, all published methods employ an

initial segmentation via thresholding that renders all subsequent complexity meaning-

less. Together, these factors guarantee that results obtained from networks extracted

by published medial axes algorithms [73] will not be reproducible by other groups.

After segmentation via thresholding and median filtering, the maximal covering

radius transform was computed. Due to the fidelity of the images, no further pro-

cessing was needed prior to computing the transform. The transform, which is closely

related to the Euclidean distance map, consists of setting each pixel to the radius of

the largest sphere that may be placed in a pore such that the sphere contains that

pixel location.

Reasonably efficient computation of the trans from can be achieved by first com-

puting the Euclidean distance map and then expressing the transform as the element-

wise set maximum of a series of grayscale dilations (or local maxima filters) whose

neighborhood radii correspond to the value of the distance map at each location.

Rounding the values of the distance map to the nearest pixel greatly reduces the

number of unique distance map values and thus the number of stages of calculation

needed. An implementation of this strategy in MATLAB is shown below.

function [ filtered ] = MaxCoveringRadiusTransform(BinaryVolume)
% get a distance map
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dm = double(round(bwdist(BinaryVolume, ’quasi-euclidean’)));
% pull out unique values
stages = sort(unique(dm(:)));
filtered = zeros(size(BinaryVolume));
for i = 1:numel(stages)

fprintf(1, ’Stage %i of %i\n’, i, numel(stages))
% create spherical structuring element
R = stages(i);
[x,y,z] = meshgrid(-R:R,-R:R,-R:R);
se = (x/R).^2 + (y/R).^2 + (z/R).^2 <= 1;
% do the dilation
stage_result = stages(i)*imdilate(dm == stages(i), se);
filtered = max(filtered, stage_result);

end
end

A.2 A Non-Affine Strain-Stiffening Model

If we postulate that there is a certain amount of slack present within a section of the

collagen network that is available to comply with the applied shear, then the network

would naturally stiffen once the slack is pulled out. A quasi 1-dimensional analog

would be the case of simple extension of a bonded chain of 3 particles, with a small

kink.

In the quasi one dimensional case (Figure A.1), the relative motion of the particles

that is not in the direction of extension is a measure of how much slack has been

pulled out. Therefore we can imagine characterizing the force extension behavior of

a collection of these structures with slightly different kinks by measuring all of these

non-extensional displacements.

When we move to a proper three dimensional deformation, the simple 1-

dimensional extension must be replaced by a full affine transformation. In this

picture the non-affine displacements would play the role of the non-extensional dis-

placements in the 1-dimensional analog. One metric for characterizing local non-affine
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Figure A.1: Stretching A Kinked Network. A schematic of stretching a minimal quasi
one-dimensional network, or equivalently, an appropriately rotated view of a three
tracer particle neighborhood, embedded in a collagen matrix.
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displacements of this kind is Falk and Langer’s D2, which is defined to be the sum of

squares of the residuals of a local linear least squares fit [24].

Our modifications to Falk and Langer’s D2 metric involve computing a mean

rather than a sum since our neighborhoods are not necessarily uniform and our parti-

cles are only being used as markers. In addition, we convert displacements to strains

by dividing the displacement by neighbor distances. This is equivalent to considering

the transformation of a unit vector pointing in the direction of neighbors rather than

the full vector between them. This makes more sense when the particles are not fea-

tures of the system being analyzed but are just markers to help us see features of the

true underlying network.

A.2.1 Measuring D2 and Drms

We attach fluorescent spheres to our collagen network which act as tracer particles

and allow us to track deformations as we shear the system. Once we have tracked

the particles, we use a Delaunay triangulation to define local neighborhoods for each

particle. The vertices of the triangulation determine connectivity of the neighborhood.

At this point we calculate the local best-fit affine transformation matrix, following

Falk and Langer, and also compute the residuals of the fit. Then for each particle

we compute our slightly modified version of the Falk-Langer metric to get a D2 field.

Drms is computed in the usual way of taking the square root of the average over the

D2 field. A representative example of such a curve is shown in Figure A.2.

A.2.2 A Phenomenological Model

Combining the strain value and the experimentally measured Drms value as a function

of strain, we make a guess of a functional form that might describe our observed

behavior. Our guess is that:

68



Figure A.2: Non-Affine Deformation Measurements. A typical Drms vs strain curve
shows that the metric increases with strain. However, the curve is concave down
indicating that the ability of the network to comply decreases with increased strain,
likely because regions no longer have available slack to pull out. This data is for a 1
mg/ mL collagen dataset imaged at 0.5% strain intervals.
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Figure A.3: Strain-Stiffening Model Fit. Measured stress-strain curve (in blue) with
the model fit (in red) for a 1 mg/ mL collagen dataset imaged at 0.5% strain intervals.
This is one of the best agreeing fits.

σ = C1γ + C2Drms + C3 (A.1)

We can then use simple least squares fitting of the measured stress-strain curve to

determine the constants. In general the fits do a good job of matching the rheology

curves (Figure A.3). However, we know that even within the scope of our toy model

this decomposition is not wholly accurate. So the most that we can say is that this
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decomposition successfully approximates the true physics of our system within the

parameter space we have looked at.

A.3 Microscopic Toy Models

It is potentially useful to construct microscopic toy models from which to build sta-

tistical descriptions of real systems. The setup for two such models are presented

here.
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A.4 Fits to the Non-Affine Model
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Fits = [];
C = [];
ID = [];

Stress-Strain Curve Fits - 100811 01 (0.5 mg/
mL)

load 100811_01_drms.mat;
Fits = horzcat(Fits, Fit);
C = horzcat(C, 0.5);
ID = horzcat(ID, 10081101);
plot(FullStrain, FullStress); hold on;
plot(Strain, A*Fit, '.-r');
hold off;
title('Stress-Strain Fit');
xlabel('Strain (%)');
ylabel('Shear Stress (Pa)');
snapnow;StrainInterval = 0.5;
figure;
plot((1:numel(D_RMS))*StrainInterval, D_RMS*100);
hold on;
plot((1:numel(D_RMS))*StrainInterval, (1:numel(D_RMS))*StrainInterval, '-.k');
hold off;
title('D_{rms} vs Strain');
xlabel('Strain (%)');
ylabel('D_{rms} (%)');
snapnow;

1
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Stress-Strain Curve Fits - 100811 02 (1 mg/mL)
load 100811_02_drms.mat;
Fits = horzcat(Fits, Fit);
C = horzcat(C, 1);
ID = horzcat(ID, 10081102);
plot(FullStrain, FullStress); hold on;
plot(Strain, A*Fit, '.-r');
hold off;
title('Stress-Strain Fit');
xlabel('Strain (%)');
ylabel('Shear Stress (Pa)');
snapnow;StrainInterval = 0.5;
figure;
plot((1:numel(D_RMS))*StrainInterval, D_RMS*100);
hold on;
plot((1:numel(D_RMS))*StrainInterval, (1:numel(D_RMS))*StrainInterval, '-.k');
hold off;
title('D_{rms} vs Strain');
xlabel('Strain (%)');
ylabel('D_{rms} (%)');
snapnow;

3
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Stress-Strain Curve Fits - 100811 03 (2 mg/mL)
load 100811_03_drms.mat;
Fits = horzcat(Fits, Fit);
C = horzcat(C, 2);
ID = horzcat(ID, 10081103);
plot(FullStrain, FullStress); hold on;
plot(Strain, A*Fit, '.-r');
hold off;
title('Stress-Strain Fit');
xlabel('Strain (%)');
ylabel('Shear Stress (Pa)');
snapnow;StrainInterval = 0.5;
figure;
plot((1:numel(D_RMS))*StrainInterval, D_RMS*100);
hold on;
plot((1:numel(D_RMS))*StrainInterval, (1:numel(D_RMS))*StrainInterval, '-.k');
hold off;
title('D_{rms} vs Strain');
xlabel('Strain (%)');
ylabel('D_{rms} (%)');
snapnow;

4
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Stress-Strain Curve Fits - 100812 01 (1 mg/mL)
load 100812_01_drms.mat;
Fits = horzcat(Fits, Fit);
C = horzcat(C, 1);
ID = horzcat(ID, 10081201);
plot(FullStrain, FullStress); hold on;
plot(Strain, A*Fit, '.-r');
hold off;
title('Stress-Strain Fit');
xlabel('Strain (%)');
ylabel('Shear Stress (Pa)');
snapnow;StrainInterval = 0.5;
figure;
plot((1:numel(D_RMS))*StrainInterval, D_RMS*100);
hold on;
plot((1:numel(D_RMS))*StrainInterval, (1:numel(D_RMS))*StrainInterval, '-.k');
hold off;
title('D_{rms} vs Strain');
xlabel('Strain (%)');
ylabel('D_{rms} (%)');
snapnow;

6
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Stress-Strain Curve Fits - 100812 02 (0.5 mg/
mL)

load 100812_02_drms.mat;
Fits = horzcat(Fits, Fit);
C = horzcat(C, 0.5);
ID = horzcat(ID, 10081202);
plot(FullStrain, FullStress); hold on;
plot(Strain, A*Fit, '.-r');
hold off;
title('Stress-Strain Fit');
xlabel('Strain (%)');
ylabel('Shear Stress (Pa)');
snapnow;StrainInterval = 0.5;
figure;
plot((1:numel(D_RMS))*StrainInterval, D_RMS*100);
hold on;
plot((1:numel(D_RMS))*StrainInterval, (1:numel(D_RMS))*StrainInterval, '-.k');
hold off;
title('D_{rms} vs Strain');
xlabel('Strain (%)');
ylabel('D_{rms} (%)');
snapnow;
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Stress-Strain Curve Fits - 100813 01 (0.5 mg/
mL)

load 100813_01_drms.mat;
Fits = horzcat(Fits, Fit);
C = horzcat(C, 0.5);
ID = horzcat(ID, 10081301);
plot(FullStrain, FullStress); hold on;
plot(Strain, A*Fit, '.-r');
hold off;
title('Stress-Strain Fit');
xlabel('Strain (%)');
ylabel('Shear Stress (Pa)');
snapnow;StrainInterval = 0.5;
figure;
plot((1:numel(D_RMS))*StrainInterval, D_RMS*100);
hold on;
plot((1:numel(D_RMS))*StrainInterval, (1:numel(D_RMS))*StrainInterval, '-.k');
hold off;
title('D_{rms} vs Strain');
xlabel('Strain (%)');
ylabel('D_{rms} (%)');
snapnow;

9

84



Stress-Strain Curve Fits - 100813 02 (1 mg/mL)
load 100813_02_drms.mat;
Fits = horzcat(Fits, Fit);
C = horzcat(C, 1);
ID = horzcat(ID, 10081302);
plot(FullStrain, FullStress); hold on;
plot(Strain, A*Fit, '.-r');
hold off;
title('Stress-Strain Fit');
xlabel('Strain (%)');
ylabel('Shear Stress (Pa)');
snapnow;StrainInterval = 0.5;
figure;
plot((1:numel(D_RMS))*StrainInterval, D_RMS*100);
hold on;
plot((1:numel(D_RMS))*StrainInterval, (1:numel(D_RMS))*StrainInterval, '-.k');
hold off;
title('D_{rms} vs Strain');
xlabel('Strain (%)');
ylabel('D_{rms} (%)');
snapnow;
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Stress-Strain Curve Fits - 100813 03 (2 mg/mL)
load 100813_03_drms.mat;
Fits = horzcat(Fits, Fit);
C = horzcat(C, 2);
ID = horzcat(ID, 10081303);
plot(FullStrain, FullStress); hold on;
plot(Strain, A*Fit, '.-r');
hold off;
title('Stress-Strain Fit');
xlabel('Strain (%)');
ylabel('Shear Stress (Pa)');
snapnow;StrainInterval = 0.5;
figure;
plot((1:numel(D_RMS))*StrainInterval, D_RMS*100);
hold on;
plot((1:numel(D_RMS))*StrainInterval, (1:numel(D_RMS))*StrainInterval, '-.k');
hold off;
title('D_{rms} vs Strain');
xlabel('Strain (%)');
ylabel('D_{rms} (%)');
snapnow;
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Stress-Strain Curve Fits - 100812 03 (2 mg/mL)
load 100812_03_drms.mat;
Fits = horzcat(Fits, Fit);
C = horzcat(C, 2);
ID = horzcat(ID, 10081203);
plot(FullStrain, FullStress); hold on;
plot(Strain, A*Fit, '.-r');
hold off;
title('Stress-Strain Fit');
xlabel('Strain (%)');
ylabel('Shear Stress (Pa)');
snapnow;StrainInterval = 0.5;
figure;
plot((1:numel(D_RMS))*StrainInterval, D_RMS*100);
hold on;
plot((1:numel(D_RMS))*StrainInterval, (1:numel(D_RMS))*StrainInterval, '-.k');
hold off;
title('D_{rms} vs Strain');
xlabel('Strain (%)');
ylabel('D_{rms} (%)');
snapnow;
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Stress-Strain Curve Fits - 100813 04 (2 mg/mL)
load 100813_04_drms.mat;
Fits = horzcat(Fits, Fit);
C = horzcat(C, 0.5);
ID = horzcat(ID, 10081304);
plot(FullStrain, FullStress); hold on;
plot(Strain, A*Fit, '.-r');
hold off;
title('Stress-Strain Fit');
xlabel('Strain (%)');
ylabel('Shear Stress (Pa)');
snapnow;StrainInterval = 0.5;
figure;
plot((1:numel(D_RMS))*StrainInterval, D_RMS*100);
hold on;
plot((1:numel(D_RMS))*StrainInterval, (1:numel(D_RMS))*StrainInterval, '-.k');
hold off;
title('D_{rms} vs Strain');
xlabel('Strain (%)');
ylabel('D_{rms} (%)');
snapnow;
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Coefficients
ID = ID - 10080000;
format short g;
sortrows(horzcat(transpose(ID), transpose(C), transpose(Fits)), 2)

ans =

1101 0.5 0.56336 -0.85446 1.8455
1202 0.5 0.17262 -0.19041 -0.05361
1301 0.5 0.34842 -0.36722 0.43567
1304 0.5 0.25852 -0.22026 -0.064267
1102 1 1.8252 -1.6193 1.3962
1201 1 1.9257 -1.036 0.96335
1302 1 1.5937 -0.89504 0.47676
1103 2 14.959 -18.15 34.282
1303 2 30.518 -30.7 73.198
1203 2 16.653 -19.425 73.912

Published with MATLAB® 7.9
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Appendix B

Aggregation Model Fit Ranges
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Figure B.1: Aggregation Model Parameter Ranges The parameter ranges used to fit
early stage aggregation curves don’t show any discernable consistent pattern. Upward
triangles represent the φ = 0.07 concentration, while downward ones represent the
φ = 0.04 one.
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Appendix C

Chitosan Rods

An amount of time was spent attempting to create a Chitosan based rod suspension.

The following pages describe the strategy.
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Strategy for Generating Chitosan Rods 
 
The general procedure will be to electrospin a mat and then grind it up to break up the long fibers into 
short rods.  The resulting rods will need to be sorted for size via centrifuging.  
 
Another approach is to electrospin an aligned mat via split electrodes.  This aligned mat could then be 
patterned via photolithography to generate uniform rods in one step rather than having to centrifuge out a 
selected size. 
 
Electrospinning Chitosan 
 
Previous studies have successfully electrospun chitosan nanofibers with a high degree of uniformity by 
using a Trifluoroacetic AcidMethlyene Chloride Solution (70:30, TFA:MC) as the solvent for an 8% by 
weight Chitosan solution.  The applied potential was 15kV and the collector was placed 150mm away. 
 
Current attempts to do this have been promising however, the viscosity of the solution is initially (<24h) 
quite high and the solvent is quite toxic meaning the electrospinning must be done underneath a hood. 
 
An 8% by weight solution does not seem to be feasible.  It corresponds to ~12% by volume  which is far 
too viscous.  The appropriate concentration seems to be around 4% by volume.  Another complication is 
that TFA and MC seem to undergo a chemical reaction that I believe reduces the overall volume.  I 
haven’t measured this carefully. 
 
Our Electrospinning Recipe 
 

1. Prepare a 2.7% wt/vol chitosan solution with a 70:30 vol/vol TFA:MC solvent. TFA and MC stand 
for Trifluoroacetic Acid and MethyleneChloride, repsectively. 

2. Mix on the big wheel for 24 hours or until well mixed.  At this point we should have a viscous 
fluid. 

3. Set up the electrospinning apparatus underneath a fume hood because TFA is toxic. 
4. Configure the feed with a 10mL syringe and a 20 gauge (yellow), 1.5 inch, blunt tip needle. 
5. Prime the feed by filling up the dead volume, stop when fluid enters the needle. 
6. Set up the collector by wrapping the top of the cylinder stage with aluminum foil.  Ensure that the 

top is as flat as possible.  Tip to collector distance should be ~10cm 
7. Cover the whole thing with the clear cylinder. 
8. Set the ghetto syringe pump to setting/gear 12 (the lowest setting). 
9. Set the high voltage source to ~12 kV.  This should be 2 solid lines before the marker outline of 

the dial that somebody has drawn. 
10. Turn on the syringe pump. 
11. Wait for a long time. 

 
Notes 

● Use neoprene coated gloves when handling TFA 
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● Make sure to use polypropylene fittings and PVC tubing.  (ie not polycarbonate and tygon) 
 
Upcoming Issues 
 
The correctly spun chitosan fibers dissolve almost completely in water.  The resulting solution does have a 
white tint but this is due to very small particles rather than rods.  This seems to indicate that a crosslinking 
procedure will be necessary.  This may be a further challenge because any procedure will crosslink the 
mat rather than just the fibers. 
 
I have found a source that indicates that neutralization of the spun mat in a sodium carbonate solution will 
stabilize the chitosan fibers in water. 
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Appendix D

Flow Cell

Some time was spent setting up a microfluidic flow cell project. Attached is an intro-

ductory document for setting up that project.
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Flow Cell Project 
 
Relevant Papers: 

1. Grattoni 2001, Rheology and Permeability of Crosslinked Polyacrylamide Gel 
2. Yang et al 2002, Flow of water through channels filled with deformable polymer gel 

 
Background 
 
A Newtonian fluid is defined as one for which, under flow, its pressure gradient is proportional to its flow 
velocity.  The proportionality constant is called viscosity.  Based on this definition we can measure the 
viscosity of a fluid by either controlling the pressure difference along a channel and measuring flow rate, 
or vice versa. 
 
It is also possible for a fluid to contain some structure.  For example it may be a colloid and have particles 
embedded in it that are interacting with one another.  Or it may have rodlike molecules that must be 
pulled away from each other.  These are generally called complex fluids for which viscosity is no longer 
constant. 
 
Polymer gels are a form of porous media made up of an interconnected collection of stringlike 
components.  The space between the polymer strands are the pores through which fluid can potentially 
flow.  The permeability is defined via Darcy’s law.  If the porous material is made of rigid components 
than the permeability will be a constant, and will be related to it’s average pore size.  However, especially 
in a gel, the components can also be elastic.  In this case the permeability will be a function of pressure 
and/or flow rate. 
 
We are going to develop and use a microfluidic channel with a differential pressure sensor to try and 
understand these kinds of systems a little better. 
 
Strategy (Rod Suspensions) 
 
Depending on the interplay between rodrod interactions, Brownian motion, hydrodynamic coupling and 
flow, there is likely to be a nonlinear relationship between viscosity and flow rate.  There may also be 
phase separations, coexistence, banding, orientation, etc.  We could look at the flow of a rod suspension in 
the flow cell, under a microscope to try and see what is going on. 
 
Strategy (Poroelastic Gel) 
 
There are two ends to this question.  Previous studies have suggested a power law relationship between 
permeability and flow rate for cross linked polyacrylamide gel.  On one hand, reproducing this result and 
looking at the deformations within the gel could let us see what microscopic behavior is responsible for the 
nonlinear increase in permeability.  For example, it could be that density fluctuations in the gel allow the 
flow to carve out a preferred path.  We could visualize this using beads embedded in the gel. 
On the other hand, technically at very low flow rates, the material should have a constant permeability 
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since it is a hydrogel which means that there is a percolated path through the network that is normally 
filled with water.  In other words, if we can make a careful enough measurement, then we should be able 
to see some sort of complicated behavior as the flow transitions from the porous regime to the poroelastic 
one. 
 
Practical Steps 
 

1. Make flow cells using existing molds. 
2. Make pressure/velocity curves for reference fluids, determine viscosity based on geometric 

calibration. 
3. Make new molds (SU8 photolithography). (optional) 
4. Make P/V curves for rod suspensions.  Identify “interesting” regions. 
5. Visualize flow of rod suspensions in interesting regions. 
6. Generate poroelastic flow curves.  Embed UV initiated PA in channels. 
7. Embed beads in PA.  Visualize the deformation fields created by the flow. 

 
GlycerolWater Solution Viscosity 
 
As a reasonable standard, we might be able to use GlycerolWater solutions. Here is a reference link from 
Dow Chemical: http://www.dow.com/glycerine/resources/table18.htm 
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