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Abstract

Stimuli-responsive hydrogels are a class of shape memory materials that have been suc-
cessfully used in microfluidic and biomedical devices and additionally as biomaterials.
These materials operate in a hydrated environment and respond with a significant volu-
metric reversible transformation through absorption or release of water within the poly-
meric network. The pH sensitive 2-hydroxyethyl methacrylate (2 - dimethylamino) ethyl
methacrylate, (HEMA-DMAEMA) stimuli-responsive hydrogel is used in microfluidic de-
vices as sensors and actuators. This hydrogel responds to an acidic aqueous environment
with a subsequent volume change. This actuation requires the hydrogel to be in an acidic

environment to remain in its swollen state.

In chapter 2 I initially characterize this hydrogel in terms of engineering properties such
as the storage modulus G’; the loss modulus G” and loss tangent tan(d). The storage
modulus is analogous to the shear modulus from elasticity theory. The loss modulus is
a representation of energy dissipation from applied loading. The loss tangent tan(d) is a

measure of damping in a material.

In chapter 3 I develop a method of measuring the Fung parameter g° for stimuli-responsive
hydrogels using a simple tensile test. HEMA-DMAEMA stimuli-responsive hydrogels are
examined using this method. The HEMA-DMAEMA is pre-conditioned in 3.0 (acidic)
pH and 11.0 (basic) pH buffer solutions prior to testing to compare the theoretical results
to experiment in both the swollen and unswollen states. The measured Fung parameter

B3° is 0.870+£0.018.



1

In chapter 4 I examine the interfacial adhesion of HEMA-DMAEMA. Experimental ob-
servations have given indications that the adhesion of the (HEMA-DMAEMA) is effected
by substrate modifications. Using a unique experimental technique coupled with con-
cepts from fracture mechanics I measure differences in the adhesive strength of HEMA-
DMAEMA on borosilicate glass substrates, both unmodified and with different surface

modifications.

Together these hydrogel characteristics provide microfluidic device designers the ability
to plan their designs around viscoelastic effects such as creep, relaxation, and interfacial

phenomena such as adhesion.



111

Acknowledgements

[ want to thank my advisor, Professor Wendy C. Crone for giving me the opportunity of
being part of her research group and the chance to pursue my dream of obtaining a Ph.D.
She made the entire journey through graduate school an enjoyable and unforgettable

experience.

I am grateful to my thesis committee members Professor Roderic Lakes, Professor Lih-
Sheng Turng, Professor Susan Coppersmith and Professor Robert Witt for agreeing to

guide me back to the right course of action through my many missteps.

I would like to thank the many professors that I have taken courses with and have
guided me with their exceptional scientific knowledge. I would especially like to mention
Professor Roderic Lakes and Professor Walter Drugan for they provided me with my

foundation in solid mechanics.

I want to recognize my current and former lab members, Brett Napawocki, Alana Stem-

pien, Suehelay Acevado-Acevedo (former), Max Salick (graduated).

I would also like to acknowledge the many valuable conversations I have had over the

years with Dr. Mehrdad Arjmand about mechanics of materials and life in general.

I would also like the thank the past and current undergraduate students John C. Spring-
mann, Shahzad Chindhy and Rachel Craven for their invaluable assistant in performing
experiments that lead to many of the procedural changes that took place over the many

years of experiments.



v

I would additionally like to acknowledge all of my brothers and sister and both of my

parents may they rest in peace for never giving up on me.

A special thanks goes to Suehelay Acevado-Acevado. We both started graduate school
at the same time and shared a cubicle. She has been my very best friend for the past six

years and I cannot imagine what this journey would have been like without her.

Finally I would like to acknowledge my partner Heidi L. Turner for without her constant

love and support this journey of mine would not have been possible.



Contents

Abstract

Acknowledgements

List of Figures

List of Tables

1

2

Introduction
1.1 Stimuli Responsive Hydrogels . . . . . . .. .. .. ... ... ... ...
1.2 Shape Memory Materials . . . . . . . .. .. ... o

Viscoelastic Properties of HEMA-DMAEMA

2.1 Dynamic Testing . . . . . . . . . . .
2.2 Imtroduction . . . . . . ...
2.3 Sample Preparation . . . . . . . .. ...
2.4 Shear Rheometry . . . . . . . . ...
2.5 Results . . . . . .
2.6 Discussion . . . . . ...
2.7 Conclusion . . . . . . . ...
2.8 Acknowledgments . . . . . ...

Implicit Elasticity of HEMA-DMAEMA

3.1 Imtroduction . . . . . . . ..
3.1.1 TImplicit Elasticity . . . . . . . .. ..o L
3.1.2 Sample Preparation . . . . . . .. .. ... L.
3.1.3 Determination of Fung Parameter . . . . . . . . . ... ... ...
3.1.4 Fung Parameter . . . . . . . .. ... o
3.2 Results. . . . . . .
3.3 Discussion . . . . . ...
3.4 Conclusion . . . . . . .. L

3.5 Acknowledgments . . . . ... Lo

iii

vil

DO =

co oo Qo

11
11
14
18
21
21



vi

Interfacial Adhesion 50
4.1 Introduction . . . . . . . . . ..o 50
4.2 Background . . . ..o Lo 5%)
4.3 Methods . . . . . . 60
44 Results . . . . . . . 68
4.5 DISCUSSION . . . . . . . e 77
4.6 Conclusion . . . . . . . . e 79
4.7 Acknowledgements . . . .. ... Lo 79
Future Direction 84
5.1 Future Directions . . . . . . . . . . . . ..o 84

Continuum Mechanics Review: 86
Al Kinematics . . . . . . . L 86
A.2 General Theorems: . . . . . . . . . .. ... 89
A.3 Finite Elasticity . . . . . . . ..o 93
Linear Elasticity 97
B.1 Small Strain Assumption . . . . . . . .. ... 97
Linear Viscoelasticity: 101
C.1 Boltzmann Superposition Integral . . . . . . . . ... ... ... .. ... 103
C.2 Deviatoric Stress/Strain . . . . . . . ... Lo 104
C.3 Dynamic Response . . . . . . . . . ... 106
Stretch Data Collection: 109
D.1 Hydrogel Thresholding . . . . . .. ... ... ... ... .. ..... 109
D.2 Date Acquisition . . . . . . .. .. 115
D.3 Measurement of Stretch and Crack Length . . . . . ... ... ... ... 116

D.4 Least Square Determination of Viscoelastic Parameters . . . . . . . . .. 121



vii

List of Figures

2.1

2.2

2.3

24
2.5

3.1

3.2

3.3

3.4

3.5

3.6

Schemactic of the assembly used for fabrication of HEMA-DMAEMA sam-
ples. A.) A glass cover slip is placed on the bottom and top of the PDMS
mold. In B.) A top-down view of the PDMS mold with circular well in the
center for the pre-polymer solution is located. . . . . . . . ... ... ..
A comparison of the storage and loss moduli for samples pre-conditioned
in 3.0 pH and 11.0 pH buffer solutions. . . . . . . . ... ... ... ...
Tan(9) for HEMA-DMAEMA pre-swollen in 3.0 (circles) and 11.0 (dia-
monds) pH buffer solution. Test is conducted on the frequency range of
0.1 Hzto 100 Hz. . . . . . . . . . . . . .
Creep compliance for 3.0 pH pre-swollen samples. . . . . . ... ... ..
Creep compliance for 11.0 pH pre-swollen samples. . . . . . .. . .. ...

A type IV ASTM D 638-99 tensile testing sample schematic[30]. W is the
gauge width of 1.5 mm, G is the gauge length of 8.0 mm and L is the total
sample length of 40 mm. The thickness of each sample is 1.00 mm[30] . .
A representative stress vs. strain curve for HEMA-DMAEMA testing in
tension at a rate of 5 mm/min. . . ... ..o
Measurement of the Shear modulus. Mod Stretch is defined as (A — A™2)
from equation (3.20). The samples pre-conditioned in 3.0 pH and 11.0 pH
buffer solution and the modulus is calculated over the first 10% of strain.
Test for § parameter. These samples were pre-conditioned in 7.0 pH buffer
solutions prior to testing. The 7.0 pH buffer solution is neutral and does
not initiate swelling in the material. . . . . . . . .. ... ... ... ...
Average stress vs stretch data for 3.0 pH pre-conditioning. The average is
taken from N = 5, for each test condition. . . . .. ... ... ... ...
Average stress vs stretch data for 11.0 pH pre-conditioning. The average
is taken from N = 4, for each test condition. . . . . . . . . ... ... ..

12

15

16

17
17

32

34

41

42

42

43



viil

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

4.10

4.11

4.12

Part A.) represent a side view of the experimental setup. A glass micro-
scope slide represents the substrate and a metal spacer is placed on top
of the substrate with a well in the middle. In the well the pre polymer
solution is placed. In part B.) shows the set up after the pre polymer solu-
tion is added, a transparent plastic cover slip is placed on top of the metal
spacer and then the desired mask is placed on top of the cover slip. Part
C.) is the top down view of the metal spacer. . . . . . . . ... ... ... 62
Schematic of the delamination process. Going from left to right the hydro-
gel delaminates inwards while the gel expands outwards over time. . . . . 63
Hydrogel Experimental Set-up. The upper platen of the micro Instron
is lowered to height of the hydrogel samples and constrains them from
swelling in the axial direction. A 45° mirror is mounted below the sam-
ples and camera is located, off screen, that images the hydrogels during
expansion[6]. . . . . ... 64
A representative plot of the radial stretch for the polysine substrate with
the 300 um radius samples. A.) represents the initiation of the swelling,
C.) represents the entire range of steady delamination with B.) and D.)
representing the beginning and end points of interest and F.) represents

the end of swelling. . . . . . . . . ... L 68
This bar plot displays the crack velocity during the delamination process
on the frosted, plain and polysine substrates. . . . . . . . ... ... ... 69

Axial stress and radial stretch plotted for HEMA-DMAEMA stimuli-responsive
hydrogels polymerized on frosted borosilicate glass substrates. The sample

size is 300 pm radius cylinder posts that are 300 pm in height. . . . . . . 70
Axial stress and radial stretch plotted for HEMA-DMAEMA stimuli-responsive
hydrogels polymerized on frosted borosilicate glass substrates. The sample

size is 350 pm radius cylinder posts that are 300 pwm in height. . . . . . . 71
Axial stress and radial stretch plotted for HEMA-DMAEMA stimuli-responsive
hydrogels polymerized on frosted borosilicate glass substrates. The sample

size is 400 pm radius cylinder posts that are 300 pwm in height. . . . . . . 71
Axial stress and radial stretch plotted for HEMA-DMAEMA stimuli-responsive
hydrogels polymerized on plain borosilicate glass substrates. The sample

size is 300 pum radius cylinder posts that are 300 gm in height. . . . . . . 72
Axial stress and radial stretch plotted for HEMA-DMAEMA stimuli-responsive
hydrogels polymerized on plain borosilicate glass substrates. The sample

size is 350 pm radius cylinder posts that are 300 pwm in height. . . . . . . 72
Axial stress and radial stretch plotted for HEMA-DMAEMA stimuli-responsive
hydrogels polymerized on plain borosilicate glass substrates. The sample

size is 400 pum radius cylinder posts that are 300 pwm in height. . . . . . . 73
Axial stress and radial stretch plotted for HEMA-DMAEMA stimuli-responsive
hydrogels polymerized on polysine coated borosilicate glass substrates.

The sample size is 300 um radius cylinder posts that are 300 pum in height. 73



1X

4.13

4.14

4.15

4.16

Axial stress and radial stretch plotted for HEMA-DMAEMA stimuli-responsive
hydrogels polymerized on polysine coated borosilicate glass substrates.

The sample size is 350 um radius cylinder posts that are 300 pm in height. 74
Axial stress and radial stretch plotted for HEMA-DMAEMA stimuli-responsive
hydrogels polymerized on polysine coated borosilicate glass substrates.

The sample size is 400 pm radius cylinder posts that are 300 ym in height. 74
A bar plot of the stress for each radius and substrate at the 2000 second
mark. Bar plot shows the standard deviations of the recorded stress at

that time point. . . . . . . . ... 75
The interfacial adhesion energy plotted as a function of time. The two
substrates with modifications show a decrease in energy over time while

the un-modified plain substrate shows a constant interfacial energy over
time. Each plot is the average of the tests conducted on the 300um, 350um

and 400pum radius samples. . . . . . ..o Lo 76



List of Tables

2.1

2.2

4.1
4.2

4.3

Creep compliance fit to a power law funtion J(t) = At" for the 3.0 pH
pre-condition. The variable n represents the creep strength. . . . . . ..
Creep compliance fit to a power law funtion J(t) = At"™ for the 11.0 pH
pre-condition. The variable n represents the creep strength. . . . . . ..

Crack velocities in units of nanometers per second. . . . . .. ... ...
Axial stress recorded at the two-thousand second time point. The number
of samples tested for each substrate is given in parenthesis. . . . . . . . .
The average values of the adhesion energy between 300 seconds and 2000
seconds. ...

A.1 General theorems of continuum mechanics . . . . . . . . . . . .. . ...

18

18

69

75

76

93



x1

List of Mathematical Symbols

S0z
e
ek
€92
é@z

tan(o)

Deviatoric stress
Storage Modulus
Loss Modulus
Deviatoric strain
Deviatoric strain rate
Measure of damping
2nd Piola-Kirchoff stress
tensor

Stretch

Fung parameter

Green strain tensor

Shear modulus

W (E,S;C)

[
o

A SR VN

Implicit strain energy func-
tion, Lagrangian

Tangent modulus

Explicit strain energy func-
tion

Implicit compliance tensor
Strain energy release rate
Crack resistance

Strain energy density func-
tion

Extra stress

Green deformation tensor

Apparent modulus




xii

This thesis is dedicated to my mother and father.
May they rest in peace.. ..



Chapter 1

Introduction

1.1 Stimuli Responsive Hydrogels

Smart stimuli-responsive hydrogels are used in microfluidic devices such as sensors and
actuators. These soft materials can undergo large volume changes when introduced to an
external stimulus. A device designer in the field of microfluidics needs to have a sound
fundamental understanding of the material properties of these gels, otherwise they cannot
design a structure efficiently. Currently device designers need to rely heavily on trial and
error to optimize their designs. There is a lack of understanding of these material’s basic

mechanical properties.

The material studied in this thesis, (2 - hydroxyethyl methacrylate) (HEMA) 2 - (dimethy-
lamino) ethyl methacrylate (DMAEMA) stimuli responsive hydrogels, are a polymeric

material that displays some amazing characteristics when exposed to certain external



stimulus. Specifically for HEMA-DMAEMA that stimulus is an external buffer solution
of an acidic pH. If the conditions are right the material will expand beyond original vol-
ume and returns to its original volume once the stimulus is removed, thus displaying the
shape memory effect. This same material will always come back to its original size, shape

and dimensions if the external stimulus is removed.

1.2 Shape Memory Materials

The study of shape memory materials spans many different disciplines and demands a
fundamental knowledge of chemistry, physics and engineering. The mechanics of the in-
teraction of a responsive hydrogel to its surroundings is important in the fields of microflu-
idics and microelectromechanical-based devices (MEMS). In these areas of engineering,
the ability to fabricate responsive hydrogels into various complicated geometries garnered

these hydrogels much deserved interest.

Hydrogels share a unique characteristic with solids in that they do not flow. On the other
hand they also share the unique characteristic of fluids in that they allow small molecules
to diffuse into them. At their core a hydrogel is a three-dimensional, cross-linked, net-
work of hydrophilic polymer chains that form homopolymers or copolymers. The chemical
cross-linking through covalent bonding is stable, whereas the physical cross-linking inter-
actions (such as hydrogen-bonding, ionic bonding, van der Waals forces, dipole-dipole
interactions, etc.) are susceptible to environmental changes and their disruption can lead

to structural transformation, i.e. swelling-shrinking transitions. Examples of chemical



hydrogels are contact lenses and the absorbent baby diapers. An example of a common

physical hydrogel is jello. [5, 13, 16].

While there are many different hydrogels the three most common gels used for engineering
purposes are poly(vinyl alcohol) (PVA), poly (2 - hydroxyethyl methacrylate ) (PHEMA),

and poly(ehtylene oxide) (PEO).

PHEMA hydrogels can be prepared via bulk copolymerization of monomers with a cross-
linking agent, cross-linking of polymers in solution and simultaneous copolymerization
and cross-linking of a monomer with a cross-linking agent in solution. Simultaneous
copolymerization and cross-linking is one method that is used commonly because of
the speed of polymerization and a desired shape for the polymerization of the gel can
be obtained easily because the polymer starts in liquid form[15, 17]. PHEMA gels are
normally prepared via free radical polymerization. The cross linking agents most com-
monly used are ethylene glycol dimethacrylate (EGDMA), diethylene glycol dimethacry-

late (DEGDMA) and tetraethylene glycol (TEGDMA)I6].

PHEMA hydrogels have been shown to be strong mechanically. Additionally they are
chemically stable. These two properties have garnered them much attention in the field
of biomedicine. Swelling properties of PHEMA have been studied extensively[11, 24] and
often the solution used to swell the hydrogel differs from the solution used to prepare it.
It is not uncommon for the hydrogel to reach three times its original volume based on

the comonomer it is polymerized with.



PHEMA hydrogels possess a cross-linked structure. This allows them to behave much

like a solid but retain its characteristic 95% to 99% ratio of water to solid.

In 1980 Tanaka et.al.[20] observed the equilibrium phase transition of ionic gels. From this
observation the intense study of stimuli-responsive gels was born. For stimuli-responsive
hydrogels, depending on the functional groups that reside along the polymer chain, various
stimuli can cause a response within the hydrogel, dictating how much water the hydrogel

absorbs or releases|2, 3, 14, 26].

pH-Sensitive hydrogels, undergo a volume transition from when introduced to an ap-
propriate external buffer solution[l, 4, 7]. These responsive hydrogels have ionizable
functional groups on their polymer chains that have pH-sensitivity. The main compo-
nents of pH-sensitive hydrogels are a pH-sensitive monomer that controls the hydrogels
phase transition and an inert monomer that controls the mechanical properties. For hy-
drogels that expand in basic solutions a common pH-sensitive monomer is acrylic acid
(AA)[9]. For hydrogels that expand in acidic solution a common pH-sensitive monomer
is 2-(dimethylamino)ethyl methacrylate (DMAEMA)[19, 22]. One of the most common
inert monomer used in pH-sensitive hydrogel fabrication is 2-hydroxyethyl methacrylate
(HEMA). A feature of these hydrogels is a critical pH that is the volume transition pH
of the gel. The chemistry of the hydrogels composition can be adjusted to change the

critical pH of the gel[26].

Temperature-sensitive hydrogels, undergo a volume transition when a change in local



environmental temperature occurs[2, 18]. A very commonly used monomer is N - iso-
propylacrylaminde (NIPAAm)[23]. These temperature-sensitive polymers have a point
known as the lower critical solution temperature (LCST) which is the common temper-
ature at which a phase transition occurs. The LCST can be adjusted by adjusting the

composition of the polymer as well[8, 23, 26]

Electro-responsive hydrogels, undergo a volume transition or undergo bending when ex-
posed to an external electric field[10, 12, 21, 25]. In 1982 Tanaka, et.al,[21] demonstrated
that by changing the external electrical field surrounding a hydrogel a reversible volume
transition occurred. This was one of the first examples of a stimuli-responsive hydro-
gel. One common feature of these hydrogels is that they often are also responsive to

temperature or pH environmental changes.

The field of microfluidics has a long and rich history but the widespread application
of responsive hydrogels in microfluidics devices is relatively new. The physics of these
materials varies greatly as size scale is reduced. Much of the device design in this area
is trial and error and basic engineering parameters are unknown. Results in the basic
physics of these responsive hydrogels used on this size scale is lacking and is a wide open
area for exploration. This thesis seeks to explore the basic physical properties of HEMA-
DMAEMA stimuli-responsive hydrogels which has applications to their use in microfluidic

devices as sensors and actuators.
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Chapter 2

Viscoelastic Properties of

HEMA-DMAEMA

2.1 Dynamic Testing

2.2 Introduction

Most real materials have the capacity to store and dissipate mechanical energy. An elastic
solid can store mechanical energy with no dissipation while a newtonian viscous fluid
can dissipate energy but cannot store energy. These two descriptions are ideal states
of matter that are seldom realized in real materials. Most real materials, to varying
degrees, can store and dissipate mechanical energy. These materials are categorized as

viscoelastic[15, 26].



The pH sensitive 2-hydroxyethyl methacrylate (2 - dimethylamino) ethyl methacrylate,
(HEMA-DMAEMA) stimuli-responsive hydrogel, is a viscoelastic polymer that displays
dramatic changes in mechanical properties based on different external conditions. The
ability of this material to increase volume when exposed to an acidic external buffer
solution naturally gives the polymer use as sensors[23] or actuators[19] in microfluidic
devices. The response times of these materials are very slow, they have low stiffness and
low ultimate tensile strength and would be a poor component material on the macro
scale. When dimensions become small enough (milli-micro meter) the response times for
volumetric expansion change from hours to minutes and these hydrogels become excellent
active materials for use in microfluidic devices[3]. Active stimuli-responsive hydrogels
have also been used in genomics[13, 21, 29] proteomics[5, 12, 17] and metabolomics[14, 31]

as components.

An understanding of chemical and mechanical properties of hydrogels is required in the
design of hydrogel hybrid systems, nanostructures, and hybrid polymers [20, 22]. Au-
tonomous microfluidics have been developed with the aid of stimuli-responsive hydrogels|5]
where research into adaptive microlens|6], variable focus lens|7], and light sensitive hydro-
gels for nano-composites[18] have been advanced. Additionally in cellular and tissue engi-
neering, temperature responsive hydrogels have been used to regulate cell morphology[30].
Stimuli-responsive hydrogels have also seen many uses in different emerging areas of bio-

logical research[2, 9, 25].

Prior studies of other active stimuli-responsive polymers have consisted of creep, relax-

ation, and stress or strain sweeps conducted at 3 pH and 7 pH buffer solutions. These
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tests were conducted to determine the suitability of using a DMAEMA based responsive
hydrogel in controlled drug delivery and tissue engineering applications[28]. Addition-
ally the non-linear behavior of the PMMA-PDMAEMA-PMMA was studied at 3.5 pH
where creep behavior was reported for five strain levels showing non-linear strain de-
pendent relaxation behavior[4]. The monomer 2-hydroxyethyl methacrylate (HEMA) is
combined with monomers Acrylic Acid (AA) or (2 - dimethylamino) ethyl methacrylate
(DMAEMA) to form a pH responsive copolymer hydrogel. The HEMA-AA copolymer
is responsive to basic solutions and the (HEMA-DMAEMA) copolymer is responsive to
acid solutions[11]. These two pH sensitive hydrogels are used in microfluidic applica-
tions as actuators and sensors for adjustable lens[16], micropumps and micromixers[1]
and piezoresistive sensors[10]. HEMA-AA swells in basic solution and HEMA-DMAEMA
swelling in an acidic solution. Actuators and sensors in these devices need to have certain
properties to be successfully implemented. The sensor needs a ‘sensing’ mechanism in
that can be tuned for particular applications and an actuator needs to be controllable
and repeatable. The advantage that stimuli-responsive hydrogels have in microfluidic
devices is that they possess both a sensing and actuation mechanism in one structural
material. HEMA-DMAEMA stimuli-responsive hydrogels can ’sense’ an acidic external
buffer solution and it can ‘actuate’ by changing volume in response the acidic buffer. Un-
derstanding the mechanical response of these hydrogels in an acidic (3.0 pH) and basic

(11.0 pH) environment is essential to device design.

The purpose of this paper to characterize the mechanical properties of HEMA-DMAEMA

stimuli-responsive hydrogels in these two environments in terms of engineering properties
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such as the storage G’ and loss G” modulus and tan(d). The creep response of these
materials is also investigated and the non-linear aspects of the hydrogel studied in the

separate swelling conditions is observed.

2.3 Sample Preparation

A prepolymer solution is prepared using the reagents, 2-(dimethylamino) ethyl metha-
crylate (DMAEMA), 2-hydroxyethl methacrylate (HEMA), ethylene glycol dimethacry-
late (EGDMA) and 2,2-dimethoxy-2-phenylacetophenone (DMPA). The reagents are mixed
together in the following ratios, 25.77:5.718:0.467:1. All reagents were purchased from

Sigma-Aldrich. Prior to polymerization this hydrogel-liquid solution is stored at —8°C.

2.4 Shear Rheometry

Samples are fabricated into cylindrical wafers 12.5 mm in radius and 0.5 to 1.0 mm in
height. As depicted in figure 2.1 a flat PDMS slab of thickness 1.0 mm was fabricated.
A circular well is cut out of the Polydimethylsiloxane (PDMS) slab that is 15 mm in
radius. The slab is then cut down to the size of a standard petri dish. A glass cover slip
is placed down first into the petri dish, then the PDMS mold is secured on top of the
glass cover slip. The pre-polymer solution is then poured into the well. Once this is done
another glass cover slip is placed on top of the PDMS mold. A photo-resistant circular

pattern is placed on top of the glass cover slip. The circular pattern has a radius of 12.5
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mm. The assembly is then exposed to ultra-violet light at an intensity of 20 mW /cm?
for a total of 120 seconds. The circular sample is then formed and removed from the
mold. The sample is then swollen in 11.0 pH buffer solution for a total of 48 hours prior
to testing and tested immediately upon removal from the buffer to maintain a hydrated

state throughout the testing.

MasK —————

Glass [

PDMS Well | |

css

PDMS Well

FIGURE 2.1: Schemactic of the assembly used for fabrication of HEMA-DMAEMA

samples. A.) A glass cover slip is placed on the bottom and top of the PDMS mold.

In B.) A top-down view of the PDMS mold with circular well in the center for the
pre-polymer solution is located.

A TA Instruments model AR 2000 ex DHR-1 rheometer with a parallel plate attachment
is used to determine the dynamic moduli and the relaxation modulus in shear. The

parallel plate rheometer measures normal force, torque and radial displacement.

The torque (T) is recorded by the rheometer during testing and the shear stress is given
via, s, (R) = 2T /7 R3. Tt should be noted that for a parallel plate rheometer the stress,

Sg-, does vary as a function of radius and the machine measure the torque at the outer
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most point of the plate. This is important because the sample being tested needs to be as
large as the parallel plate and no smaller. Otherwise the machine gives erroneous results.

The storage G’ and loss G” can be determined via,

s0-(t) = €5, (G (w)sin(wt) + G"(w)cos(wt)) (2.1)

where €y, is the pre-determined shear strain amplitude. The maximum shear strain is
determined by €, = RO/H where R is the outer radius of the sample, H is the height,
or thickness of the sample and 6 is the angular displacement. The shear strain rate
is determined via, €y,(t) = RQ/H, where Q is the calculated angular velocity. For a
sinusoidal input of €y, (t) = €j, sin(wt) the shear rate is éy,(t) = €j, wcos(wt). From these

relationships equation (2.1) can be rewritten as,

Sez(t) = G/EQZ(t) + G”—, (2.2)

where sg,(t), €., €9, and w are determined experimentally.

The shear rate is determined based on the known value for the outer radius R, the height
of the sample H and the measured angular velocity €2 via, 4. = R/ H. To determine the
dynamic moduli a sinusoidally varying strain of 1% is applied in shear for a frequency
range of 0.1 Hz to 100 Hz. The maximum frequency of the parallel plate rheometer used
is 100 Hz. For shear relaxation a shear strain as applied with a rise time 0.02 seconds.

The shear stress is calculated based on the measured torque 7" and the known value for
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the outer radius R via the formula, 7z = %. The relaxation is recorded over three

o
decades of time from 0.1 to 100 seconds. For testing 6 samples were prepared and each
sample was tested 3 times for a total of eighteen trials (n=18) at each pH value (3.0 pH
and 11.0 pH). Each dynamic test was taken over a 0.1 Hz to 100 Hz frequency range with
ten data points recorded for each decade at 1% strain. The samples were fabricated and
pre-swollen first in 11.0 pH buffer solution for a period of 48 hours before testing. Once
the data was recorded the same samples were then immersed in 3.0 pH buffer solution
and allowed to swell for a period of 48 hours prior to testing. When mounted in the
rheometer samples were compressed until the normal load was at 15.0 N or higher, which
amounted to 2%-3% strain, to ensure no slippage when recording data. For dynamic
testing data is plotted on a log-log scale over the 0.1 Hz to 100 Hz frequency range for G’,
G", and tan(d). The error bars given in the reported data are the standard deviations

for all experiments run, (n=18) for 3.0 pH and 11.0 pH. For creep n = 3 for each stress

level tested. The tests were run from 1 seconds out to 1000 seconds.

2.5 Results

For the experiments reported below pH-sensitive 2-hydroxyethyl methacrylate (2-dimethylamino)
ethyl methacrylate (HEMA-DMAEMA) hydrogels is tested in shear using a TA instru-

ments DHR-1 load controlled rheometer with a parallel plate attachment.

Figure 2.2 displays the storage G’ and loss G” modulus as a function of frequency. The

frequency range tested is between 0.1 Hz and 100 Hz. For the samples swollen in 3.0
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pH buffer solution the hydrogel has a small loss modulus and displays minimal frequency

dependence over the range tested. The hydrogel pre-conditioned in 11.0 pH are stiffer

in comparison to the samples pre-conditioned in 3.0 pH buffer solution. The frequency

dependence of the storage and loss modulus is shown clearly for samples swollen in 11.0

pH solution. A total of 15 samples were tested for the 3.0 pH pre-condition and 17

samples were tested for the 11.0 pH pre-condition.

G, G" (kPa)
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FIGURE 2.2: A comparison of the storage and loss moduli for samples pre-conditioned

in 3.0 pH and 11.0 pH buffer solutions.

Figure 2.3 shows a comparison of tan(d) for the pre-conditions of 3.0 pH and 11.0 pH

buffer solutions.

For samples conditioned in 3.0 pH the gel showed little difference in
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tan(d) between the frequency range of 1 Hz and 10 Hz with the value of tan(d). For sam-
ples pre-conditioned in 11.0 pH buffer solution the samples showed moderate frequency

dependence.
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FIGURE 2.3: Tan(é) for HEMA-DMAEMA pre-swollen in 3.0 (circles) and 11.0 (dia-
monds) pH buffer solution. Test is conducted on the frequency range of 0.1 Hz to 100
Hz.

Figure 2.4 and 2.5 show the creep compliance for samples swollen in 3.0 pH and 11.0
pH buffer solution respectively. The creep compliance was fit to a power law function,
J(t) = At" with A representing the creep value at 1 second and n representing the creep
strength. Samples tested in the 3.0 pH pre-condition showed a minimal creep strength
that ranged between 0.053 and 0.077. This represents very minimal creep over the course
of the test. For the 11.0 pH pre-condition the creep strength was very consistent for
all stress levels tested at 0.130. This represented noticeable creep over the time period

tested.
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FIGURE 2.4: Creep compliance for 3.0 pH pre-swollen samples.
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FIGURE 2.5: Creep compliance for 11.0 pH pre-swollen samples.
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3.0 pH
Stress Level (Pa) | A (107°)(1/Pa/s) n
300 1.55+0.71 0.053£0.011
400 1.59+0.46 0.055£0.017
500 1.61£0.79 0.0560.008
600 1.61£0.46 0.077+0.025

TABLE 2.1: Creep compliance fit to a power law funtion J(t) = At"™ for the 3.0 pH
pre-condition. The variable n represents the creep strength.

11.0 pH
Stress Level (Pa) | A (107°)(1/Pa/s) n
300 1.30£0.19 0.130+0.014
400 1.37£0.41 0.12940.006
500 1.404+0.23 0.131+0.011
600 1.474+0.49 0.130£0.011

TABLE 2.2: Creep compliance fit to a power law funtion J(¢) = At™ for the 11.0 pH
pre-condition. The variable n represents the creep strength.

2.6 Discussion

The present gels may be compared with selected polymers. Hevea rubber, [8] has a
Young’s modulus of about 1 MPa and tan § on the order of 0.01 to 0.05 at low frequen-

cies at room temperature. Neoprene rubber has a loss tangent of 0.1 to 0.15 at room
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temperature, up to about 100 Hz. Rubbery materials (elastomers) intended for for vibra-
tion damping and impact absorption [27] can have larger tan § exceeding 1 over a narrow

range of temperature and frequency.

Comparison with soft tissue may be pertinent to some applications of the gels. Human
abdominal fat tissue exhibits a shear storage modulus [24] of 1.8 to 3.4 kPa at angular
frequencies 0.1 to 50 rad /s, with tan ¢ of about 0.25. These authors also studied hydrogels;
a of poly(ethylene glycol) diacrylate hydrogel exhibited a shear modulus of about 10 kPa

and tan § of about 0.1.

Dynamic rheology tests were completed on HEMA-DMAEMA responsive hydrogels pre-
swollen in 3.0 pH and 11.0 pH buffer solution respectively. The hydrogel has a low loss
modulus when pre-swollen in 3.0 pH buffer solution and the measured value for tan(J)
did not vary substantially with changes in frequency. When the gel was pre-swollen
in 11.0 pH buffer solution there is a significant upward shift in the loss modulus and
the material displayed more viscoelastic characteristics. The damping of the gel showed a
frequency dependence with a monotonic increase in tan(d) with increasing frequency. The
observed behavior indicates a pH dependence in the dynamic moduli of the material. This
increased viscoelastic behavior was definitely observed as the frequency of displacements

was increased.

When pre-conditioned in 3.0 pH buffer solution the hydrogel has undergone several chem-
ical reactions that increase the water content in the hydrogel. In addition to normal

diffusion of H,O water is being formed by chemical reactions inside the hydrogel. These
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chemical reactions expand the cross-linked network. This network finds an equilibrium
conformational configuration. In this expanded state the network cross-links are not able
to slide and flow with respect to one another. This would give the hydrogel its ’elastic’
solid like behavior when swollen in 3.0 pH. When the hydrogel is pre-conditioned in 11.0
pH buffer solution no chemical reactions are occurring with the diffusion of ionic species
into the hydrogel. The network cross-links are allowed to move to a much greater extent
with respect to one another and still maintain the hydrogels cross-link density. This gives
the hydrogel its viscoelastic properties in this regime while maintaining its solid form

based on the cross-linked nature of the hydrogel.

Studies of dex-HEMA-MAA/HEMA-DMAEMA with a solid content of (15%) showed
a tan(d) of about 0.060 at 1% strain taken at room temperature[28]. This compares
well to the tan(d) measured at 0.069 for 1% strain taken at 1 Hz in frequency when
swollen in 3.0 pH buffer solution. In contrast the hydrogel has a loss tangent of 0.42 for
1% at 1 Hz for the samples swollen in 11.0 pH buffer solution. Poly(methyl methacry-
late) - poly(dimethyl amino ethyl methacrylate) - poly (methyl methacrylate) PMMA-
PDMAEMA-PMMA, which is itself a responsive polymer, has a measured value for G’
of ~ 120 Pa and loss modulus of ~ 10 Pa tested at 3.5 pH, (adapted from [4]) which is
significantly softer than the HEMA-DMAEMA tested at 3.0 pH which has a G’ of 414+9.1

kPa and a G" of 2.740.62 kPa for 1% at 1 Hz.
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2.7 Conclusion

This study explained the viscoelastic behavior of HEMA-DMAEMA stimuli-responsive
hydrogels swollen in 3.0 pH and 11.0 pH buffer solutions. These stimuli-responsive hydro-
gels displayed different behavior when external environments changed from acidic to basic
solutions. This study expands our knowledge and understanding of HEMA-DMAEMA
viscoelastic behavior in two different external environmental conditions. Additionally the

study provides data for more efficient device design in microfluidic devices.
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Chapter 3

Implicit Elasticity of

HEMA-DMAEMA

3.1 Introduction

In this paper we show a method of measuring the Fung parameter for pH sensitive 2-
hydroxyethyl methacrylate (2 - dimethylamino) ethyl methacrylate (HEMA-DMAEMA)
stimuli-responsive hydrogel through a simple tension test. The Fung parameter defined
in Eq. 3.3 is a measure of the relative nonlinear coupling between stress and strain and is
used primarily in implicit elastic formulations. The Fung parameter is then compared to
tension testing data for HEMA-DMAEMA hydrogels pre-conditioned in 3.0 pH (swollen)

and 11.0 pH (unswollen) buffer solutions.
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In the microfluidics domain stimuli-responsive hydrogels are used as sensors and actuators
because of the ease of fabrication and the natural actuation of the material when an
external stimulus is supplied[2, 22]. HEMA-DMAEMA stimuli-responsive hydrogels are
cross-linked copolymers formed by free radical polymerization[17]. Polymers that are
stimuli-responsive can swell or shrink when introduced to external stimuli such as changes

in temperature, pH, or electric field[29].

These polymers find uses in a wide range of scientific fields such as medical devices[21],
controlled drug delivery[5, 10, 25], and self-responsive actuators and sensors|2, 7, 8], mi-
crofluidic flow[2], bio-inspired muscle like actuators[4, 26], and bending mode actuators[18§]
in addition to many others. Characterization of the mechanical properties of these mate-
rials with respect to changing environmental conditions is important to the applications

listed above.

The distribution of ionic charges in pH sensitive hydrogels have a role in their swelling
behavior. There have been two main schools of thought concerning how this ionic distri-
bution of charges effects deformation of the hydrogel. One is a stress distribution due to
osmotic pressure[11, 12] and another accounts for the effects of electrostatic repulsion[24].
Many researchers have gone back and forth on these two field theories debating the valid-
ity of both. More recently field theories have been developed to try and couple the ionic

and mass transport with deformation in the hydrogel[l, 6, 9, 20, 31].

In 2002 De et al.[6] modeled the stresses in the hydrogel as a system of partial differential

equations that coupled diffusion with electrostatics which then coupled electrostatics with
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osmotic pressure. The osmotic pressure was then coupled to the stress field through the
displacement field. This was one of the first papers to incorporate this methodology for

the study of pH sensitive responsive hydrogels.

In 2004 Baek and Srinivasa modeled the swelling of ionic gels immersed in a diffusing
solvent of varying pH by applying a variational method[1]. In this model the coupling of
all the different physical phenomenon was done through an appropriately selected strain
energy density function that was thermodynamic in origin. The strain energy function
was written as a sum of the strain energy due to swelling and ionic migration. The strain
energy due to ionic migration is a function of the ions in the solvent and the bound

charges on the polymer chains of the hydrogel.

In 2008 Hong et al. proposed a strain energy density function that consisted of four
terms. These were the strain energies due to swelling, mixing, ionic migration and charge
disassociation[20]. As theories have become more sophisticated they have also become
more complicated. Term after term is added to strain energy functions in an attempt to
get them to match experimental data. These formulations all have one thing in common,
they are explicit elastic formulations. The stress can be completely described by the

gradient of a potential energy function that is itself solely a function of strain.

This assumption indicates that the stress fields generated within the hydrogel as a result
of applied forces has a singular general form that is not influenced by boundary conditions
and /or prior states of stress. For short times, or minimal growth this assumption is valid.

However, in the case of pH sensitive hydrogels that swell to more than 10% of their
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original volume, such as HEMA-DMAEMA hydrogel formulations, this assumption does

not hold.

What is not debated in any of the theories cited above is the fact that diffusion of ionic
species affects stresses generated within hydrogels. The diffusion is geometrically depen-
dent. An argument can be made that the stresses in these hydrogels are not explicitly
determined by an accompanying strain field. These stresses are governed not only by
strains but by the history of stress the material has undergone. It can be stated that the

current stress is an implicit function of prior stress and strain.

In 2003 Rajagopal[27] described a class of materials that are not explicit functions of
strain, as is the case with hyperelastic field theories, but are implicit functions of stress
and strain. He coined the term ‘Implicit’ elasticity. Much earlier, in 1967, Y.C. Fung
proposed an empirical law that governed the one dimensional passive response of non-

linear soft tissues[16],

ds(\)
= (SO +8), (3.1)

where S(A) is the 2nd Piola-Kirchoff stress, A is the stretch which is final length over
initial length and a and 8 are material parameters. This equation is referred to as Fung’s

Law. Upon closer inspection if written in its rate form,

dS(A) = aBdA + aS(\)d), (3.2)
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one can see that this equation has a linear and non-linear elastic term. The parameter
af is analogous to a Young’s modulus like term and has the dimensions of stress while
the parameter a is a dimensionless term that measures the degree of coupling between

stress and strain. Re-writing Fung’s law and renaming the material parameters,

dS(N) e | o
= E° + 5°S(N), (3.3)

where E° represents an elastic modulus and ° is a term known as the Fung parameter.
Fung’s law is one of the first proposed implicit elastic formulations and is used in the
field of biomechanics to describe the one dimensional stress response of soft materials as
a function of stretch. As an implicit elastic extension of Fung’s law into three dimensions,
Freed[13] proposed an implicit elastic constitutive equation to describe the behavior of soft
solid materials and it is this constitutive equation that is used in this work to determine

the Fung parameter 3°.

3.1.1 Implicit Elasticity

For soft materials the main contribution to the potential energy & contained in a particle
is due to an entropic process. For stimuli-responsive hydrogels this entropic process can
have many contributions. HEMA-DMAEMA hydrogels are responsive to a change in the
pH of the external environment. This causes the hydrogel to increase in volume and the

stress field generated is due to the diffusion of solution into the gel and the subsequent
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stretching of the cross-linked network. The diffusion is geometry dependent and thus the
osmotic pressure and overall stress field generated is geometry dependent. The strain
energy density, in this situation, is a function not only of strain but of the prior state
of stress. Therefore the strain energy density takes the form & = W(E,S;C) and the

Clausius-Planck inequality[13, 19] takes the form,

9 = tr(SdE) — dW (E, S; C), (3.4)

in which S is the second Piola-Kirchoff stress tensor and E is the Green-Cauchy strain
tensor defined as, E = (1/2)(C — I), where I is the identity tensor and C is the Green
deformation tensor defined as C = FTF. All quantities defined with a bold face type are
tensor quantities, and in equation (3.4) the ; in dW(E,S; C) is a reference to whether
the formulation is Lagrangian or Eulerian. In finite elasticity reference frame does make
a difference and for implicit elasticity formulations the history of stress is taken from
an initial reference to a current reference frame so the formulation should inherently be
Lagrangian. For a completely elastic response the dissipation & is zero. The strain energy

density can then be expanded via the chain rule to give,

ow ow

With the following relationship ¢r(SdE) = S--dE, equation (3.5) is used in equation (3.4)

with the dissipation set to zero yields the following result,
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oPWwW 0*W
dS=(1- —dE 3.6
0S0S ( 8S(9E> (36)
Solving for the stress rate dS we have the following relationship,
W\ W
s = | I= dE. 3.7
(8888) ( 8S<9E) (37)
-1
The quantity <g;—g;> : (I - g;—g];) is known as the tangent modulus and equation (3.7)
is often written as,
dS = .# - -dE. (3.8)

Equation (3.8) defines an implicit elastic solid[13, 27]. For HEMA-DMAEMA stimuli
responsive hydrogels the stress field is diffusion dependent and thus the stress field and
deformation is time dependent. It can be assumed that the potential energy function
(strain energy density function) is independent of time and the tangent modulus defined

in equation (3.7) is subsequently independent of time. Thus we define the constitutive

rate equation for the HEMA-DMAEMA hydrogel to be,

dS = .4 - -dE. (3.9)

This is a general constitutive rate equation for an implicit elastic solid.
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3.1.2 Sample Preparation

A prepolymer solution is prepared using the reagents, 2-(dimethylamino) ethyl metha-
crylate (DMAEMA), 2-hydroxyethl methacrylate (HEMA), ethylene glycol dimethacry-
late (EGDMA) and 2,2-dimethoxy-2-phenylacetophenone (DMPA). The reagents are mixed
together in the following ratios, 25.77:5.718:0.467:1. All reagents were purchased from

Sigma-Aldrich. Prior to polymerization this hydrogel-liquid solution is stored at —8°C.

For tensile testing samples A type IV sample size was used based on ASTM D 638-99
standards[30]. Samples were fabricated with a total length of 40 mm, a gauge length of

8.0 mm, a gauge width of 1.5 mm and a thickness of 1.0 mm.

-~ - -
7 #’_—GQ -
L

FIGURE 3.1: A type IV ASTM D 638-99 tensile testing sample schematic[30]. W is
the gauge width of 1.5 mm, G is the gauge length of 8.0 mm and L is the total sample
length of 40 mm. The thickness of each sample is 1.00 mm[30]

A PDMS stencil was produced by a compression molding process that makes use of a
negative-tone UV photoresist silicon wafer with the requisite pattern. The PDMS stencil
was placed on top of a flat PDMS substrate. The stencil channels were filled with the
HEMA-DMAEMA pre-polymer solution. A third layer of PDMS was placed on top

of the stencil. The pre-polymer solution is then exposed to UV light at an intensity
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of 20 mW/cm? for a total of 120 seconds[23]. Cross-head displacements are used to
determine the stretch and these stretch measurements are used to calculate Green strain,
E. = (1/2)(A\? — 1) where E, is Green strain along the z-axis and \ is stretch measured

as final length over initial length.

A 5548 Instron micro-tester is used to record load measurements during tension exper-
iments. The Instron micro-tester is equipped with a 10 N load cell. The load cell has

automatic transducer recognition and an accuracy of 1/500th of the load capacity.

3.1.3 Determination of Fung Parameter

Experiments were performed on HEMA-DMAEMA stimuli-responsive hydrogels to deter-
mine the Fung parameter 3°. Responsive hydrogels are inherently non-linear materials,
however the stress/strain plot of the hydrogel in one dimensional tensile testing shows
that under low strains, < 5 %, the material behaves like a Hookean solid. In this region
of interest the Young’s modulus and Poisson ratio have meaning. Tensile tests are used
to determine these mechanical properties. Above 5% strain the non-linear behavior of
the hydrogel is exhibited. Tensile tests in this range, as shown in figure 3.2, are used to

determine the Fung parameter 5° that will be used in model validation.
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FIGURE 3.2: A representative stress vs. strain curve for HEMA-DMAEMA testing in
tension at a rate of 5 mm/min.

For explicit elastic materials, also known as hyperelastic materials, there exists a potential
energy function that is only a function of strain. This is known as the strain energy

function W(E) and the constitutive relationship is given as[33],

_ow(®)
S="p (3.10)

For Hookean solids under the assumption of small strains we can write the constitutive

relationship as,

0ij = CijriEii, (3.11)
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where Cjj; is the fourth order modulus tensor that contracts the stress with strain.
For linear elastic materials this modulus tensor is constant valued and is positive definite.
The positive definite characteristic of the modulus tensor gives rise to bounds for material
properties defined within. Thus the Poisson ratio is bounded between -1 and 1/2 and
the Young’s modulus is always positive. When strains become large the stress strain
relationship becomes non-linear and the concept of a Young’s modulus loses meaning as
a parameter that can characterize the entire evolution of stress and strain. The modulus
that contracts stress with strain can become a function of the prior state of strain. The
modulus tensor can be thought of as a linearized version of the tangent modulus. For
implicit elastic solids the modulus that contracts stress with strain can be a function
of the prior state of stress in addition to the prior state of strain. Let us consider the

constitutive equation (3.8), which in component form is,

dSij = MijkldEkb (312)

where the tangent modulus M,y is given by,

oW\ W
M= (asas) ‘ (I_ @SE)E) ' (3:13)

The tangent modulus M;;; is non-linear function of stretch and depends on the prior
state of stress. For convenience we rename the two second order derivatives of the strain

energy function as,
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O*W
g = 7505 (3.14)
and
oPwW
= — 1
# JSOE’ (8.15)
and the tangent modulus can be rewritten as,
M=g""':(1-2). (3.16)

The responsive hydrogel HEMA-DMAEMA exhibits stress/strain behavior that is linear
at small strains and becomes non-linear at large strains. The hydrogel can undergo large
reversible volumetric deformations caused by the diffusion and creation of H,O within
the polymeric environment and increases in osmotic pressure of the diffusing ionic species.
The growth of the hydrogel is coupled with governing diffusion equations to account for
these two phenomena. We now postulate the existence of a strain energy function of the

implicit form as given by Freed[13],

1+v 3°
28 SmnCnpSquqm - ﬁ

W(E,S;C) = ;—gwmncnm)? + SonBrpSpaCams  (3.17)
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where v and E are the familiar Poisson ratio and Young’s modulus from mechanics of
materials and (£° is the Fung parameter. This form of the strain energy function takes
into account the linear behavior of the gel at low strains and the non-linear behavior of

the gel at large strains. The fourth order tensors &/ and % take the form,

A = fcjiolk + Tolicjk - g_E(Elink + CiuiEjy), (3.18)
and,
_ =
B = 5= 0wSCri + 0 Sk Cim) (3.19)

To determine the Young’s and shear modulus used for material characterization we use a
well known formulation from rubber elasticity[32]. For axial deformation the constitutive

equation is given as,

o=G\—-\?), (3.20)

where G is the shear modulus and A is the stretch. This formulation is only valid for a
cross-linked elastomer. This equation has proven to be successful in fitting experimental
data at small strains. An apparent Young’s modulus is formulated from the measured

shear modulus G via,
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E, = 3G, (3.21)

The apparent modulus F, is thus named because the concept of a Young’s modulus
fails to capture the mechanics taking place in soft materials. The standard engineering
Young’s modulus is a parameter that is only valid at low strains. At finite strains the
value of the Young’s modulus can change for different loading conditions and it cannot
capture accurately the stress/strain relationships taking place. For uniaxial tension over
the course of moderate strains (<80%) the shear modulus calculated from equation (3.20),

yields the apparent modulus F, for incompressible materials.

3.1.4 Fung Parameter

Using the compliance tensor J. = M ™! given as,

A =8 =2 Ay AN
2(81150)\12+E‘> 81150)\12+E 81150)\12+E
A2 A%y B8O 2—(50—2))\ ‘ Ao A3’y
J. = __ A A 2 2 __ A2 A3 3.99
522,8")\22+E 2(822ﬁ°/\22+E) SQQBO/\QQJrE ( )
. /\12)\321/ . )\22)\321/ ﬁOASQ*(ﬁO*Q)/\{L
S335°)\32+E S335°>\32+E 2(5335°)\32+E) 7

where \; given ¢ = 1,2, 3, are the principle stretches, E is the Young’s modulus, S;; are
the principle 2nd Piola-Kirchoff stresses and 3° is the Fung parameter. Determination of

the Fung parameter §° is done using the relationship,
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dE = J.dS (3.23)

For a tensile test the material is strained axially and load is recorded, because there is
no stress in the lateral and transverse directions we can take the J.;; term and get the

following,

Bo(A% — A1) + 2\
2(S11°X2 + E)

dE11 = dSll, (324)

where dEq; is the change in strain in the axial direction, dSy; is the change in the 2nd
Piola-Kirchoff stress in the axial direction, A is the stretch in the axial direction, Si; is
the prior stress in the axial direction and FE is the Young’s modulus. The Fung parameter

[° can be solved for using equation (3.25),

B°[2511A%dE 1 + (A* — A\?)dS11] = 2[\*dS;; — EdEq4], (3.25)
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Experimentally we need to determine the Fung parameter 5. The process can be simplified

by re-writing equation (3.25) as follows,

B, = °A,, (3.26a)
A, = 25110 *dEq; + (A* — A\*)dSqy, (3.26b)
B, = 2[A\*dS1; — FdEq,]. (3.26¢)

Equation (3.26b) is plotted against equation (3.26¢) and the slope of the linear region is

the Fung parameter 3°.

3.2 Results

Tensile testing in both the swollen and unswollen states was performed to also determine
the Young’s modulus F, the shear modulus G, and Poisson’s ratio v used to determine

the Fung parameter 3°.

In figure 3.3 the shear modulus is determined using equation (3.20). It should be noted
that equation (3.20) only yields the shear modulus for small strains under uni-axial ten-
sion. This is a feature unique to elastomers. The assumption of incompressibility is made

and the apparent Young’s modulus is given as, F, = 3G.
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FIGURE 3.3: Measurement of the Shear modulus. Mod Stretch is defined as (A — A72)
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