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Abstract

Tissue engineering (TE) is an emerging technique to develop biological substitutes for

replacing damaged tissues and organs. However, currently used biomaterials for making

TE scaffolds are considerably weaker than the native tissue and may not withstand me-

chanical stimuli during culture needed in TE. Carbon nanomaterials (CNMs) are known

to enhance the stiffness of many engineering materials. In this research we explore the

use of carbon nanomaterials as reinforcements for tissue engineering scaffold biomate-

rials. The candidate biomaterial used for this research is agarose, a hydrogel used in

articular cartilage tissue engineering.

This research focuses on two broad aspects. The first deals with the application of

nanotechnology to tissue engineering in order to develop better scaffold materials and

the second deals with the mechanical characterization and computational modeling of

agarose and its nanocomposites as biphasic materials. This dissertation is divided into

three parts. In part A, the effect of carbon nanofiber (CNF) concentration on the

mechanical properties and biocompatibility of agarose is studied through mechanical

testing and cell viability tests. We find that the mechanical properties of the agarose-

nanocomposite improve with the addition of CNFs in a concentration dependent manner.

Also, the agarose-CNF nanocomposites do not display any significant cytotoxicity. In
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part B, a variety of CNMs with different kinds of functionalizations are used to study

the effect of type and functionalization of the CNMs on the mechanical properties and

biocompatibility of agarose. The CNM type and functionalization that gives the best

improvement in the mechanical properties of agarose without compromising its bio-

compatibility is found to be CNFs with COOH type of functionalization. These are

selected for detailed mechanical testing and computational modeling in part C. Mechan-

ical testing protocols are developed to model agarose and its nanocomposites as biphasic

materials. Multistep unconfined compression stress-relaxation tests are used to develop

constitutive equations for the solid phase and confined compression creep tests are used

to develop constitutive equations for the fluid phase. The solid phase is modeled using

the pseudo-elasticity theory coupled with compressible hyperelasticity to model the hys-

teretic stress-strain data obtained during the loading-unloading tests. The fluid phase is

modeled using a strain-dependent permeability. The computational models developed

closely agree with the experimental results.
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Chapter 1

Introduction

Tissue engineering is an emerging technique to develop biological substitutes for replac-

ing damaged tissues and organs. One of the main challenges in tissue engineering is that

the biological materials that are conventionally used to engineer tissues are incapable of

handling the physiological loading conditions in vivo or the mechanical stimuli during

culture. There is a definite need to develop biological materials that have significant

mechanical stability for use in tissue engineering. Nanotechnology seems to have an an-

swer to resolve this issue through the provision of materials with exceptional mechanical

properties.

This research focuses on the development of stronger biomaterials for tissue engineering

applications using reinforcements in the form of carbon nanomaterials. Several struc-

tural, mechanical and biological constraints governing the choice of tissue engineering

scaffold materials demand a careful investigation of the effects of the use of different

types, concentrations and functionalizations of the carbon nanomaterials used as re-

inforcements. It is important, particularly, to study the effects of these variables on

1
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essential tissue engineering scaffold properties such as biocompatibility and mechanical

strength of the reinforced biomaterials.

In general, the conventional biomaterials used for tissue engineering qualify as soft ma-

terials. Mechanics of soft materials largely deals with understanding the large deforma-

tion mechanical response and developing constitutive material models of these materials

based on deformation physics and underlying microstructure of the material. Compu-

tational models developed for these soft biomaterials facilitate the evaluation of the

efficacy of the engineered construct as a substitute for the native tissue by simulating

physiological loading conditions and analyzing its performance.

1.1 Tissue Engineering and Nanotechnology

1.1.1 Tissue Engineering and its Significance

Tissue engineering, as defined by Langer and Vacanti, is “an interdisciplinary field that

applies the principles of engineering and life sciences toward the development of bio-

logical substitutes that restore, maintain, or improve tissue function or a whole organ”

[49]. Approximately 8 million surgical procedures are performed annually in the United

States alone due to tissue disease and organ failure. The costs of these procedures are

of the order of billions of dollars a year.

Current therapies include: (a) autologous grafts (or autografts), in which tissue or an

organ from another functionally less critical site in the same individual is used to replace

the damaged tissue or organ; (b) allografts (or homografts), in which the graft is ob-

tained from a donor of the same species as the recipient; (c) xenografts (or heterografts),

in which the graft is obtained from a donor of different species than the recipient; and

2
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(d) use of synthetic materials and bioceramics to replace the injured tissue or organ.

These therapies have several limitations. For example, autografts are associated with

the problem of creation of an additional injury, whereas allografts and xenografts run the

risk of disease transmission, immune rejection and shortage of donors for a transplant.

Synthetic materials on the other hand do not behave like true tissues and may lead

to inflammation, fatigue, infection and problems with integration. Tissue engineering

offers a better solution in these cases since it aims at developing biological substitutes

in a natural way to restore, maintain and improve tissue function. These cell based sub-

stitutes provide immediate functionality and the capacity to integrate with surrounding

host tissues.

Tissue is a combination of cells and an extracellular matrix. The extracellular matrix

gives tissue its form and shape. Cell colonies need external cues in the form of mechan-

ical, chemical, and electrical signals in order to grow into functional three-dimensional

tissues and organs. Cells exist in a symbiotic relationship with the extracellular matrix,

first creating it, then remodeling it, and in turn being regulated by it.

Fig. 1.1 shows a broad overview of tissue engineering. Isolated cells are combined

Figure 1.1: Overview of Tissue Engineering.

3
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with a porous structure, a scaffold, which serves as a temporary matrix to hold the cells.

These are then cultured in a bioreactor supplied with suitable nutrients, growth fac-

tors (protein molecules), and other chemical, electrical and mechanical stimuli to obtain

engineered tissue which is then implanted into the body at the site of the injury.

1.1.2 Need for Novel Biomaterials for Tissue Engineering

Candidate biomaterials for tissue engineering scaffolds need to satisfy several require-

ments. From a mechanical point of view, the biomaterial should be as strong as the

native tissue in order to handle physiological loading conditions [35, 81, 50, 92, 63].

Functional tissue engineering, however, aims at developing tissues that can withstand

mechanical stimuli in culture and satisfy the functional needs of the target tissue [16].

Highly porous materials with a good surface chemistry are required in order to allow cell

adhesion, proliferation and differentiation. These characteristics reduce the material’s

mechanical strength [103, 17]. The porous structure also needs to be interconnected and

permeable to allow vascularization of the tissue, exchange of nutrients and disposal of

waste. In addition to this, from a biological perspective, it should not adversely affect

cell viability and function and it must eventually degrade safely and be replaced by cells’

own extracellular matrix in a controlled fashion without losing mechanical stability or

form. These severe constraints largely limit our choice of biomaterials and it is seldom

possible to find a biocompatible and biodegradable material that can be processed us-

ing current techniques to form highly porous interconnected structures with sufficient

mechanical strength.

Currently used biomaterials like collagen, agarose, polycaprolactone, fibrinogen, chi-

tosan, among other biodegradable polymers, are a common choice for making tissue
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engineering scaffolds. However, these materials are often found to be mechanically inca-

pable of handling the physiological loading conditions in vivo or the mechanical stimuli

during culture in a bioreactor. Various recent approaches such as alterations in the bio-

material composition and trying to improve the mechanical strength of polymers through

cross-linking [83] have failed to produce biomaterials with sufficient mechanical strength

at the required porosity [73, 39]. Thus, there is a definite need to develop mechanically

stronger biomaterials for use in tissue engineering.

1.1.3 Carbon Nanomaterials as Reinforcement

Recent developments in the nanotechnology world seem to offer a promising solution.

Carbon based nanomaterials (CNM), such as carbon nanotubes (CNT), single- (SWCNT)

and multi-walled (MWCNT), and carbon nanofibers (CNF) are known to have excep-

tional mechanical and electrical properties [96, 29]. For example, the tensile strength of

CNT is estimated to be about 200 GPa which is about 100 times that of steel (2 GPa)

at one-sixth the weight. SWCNT have diameters ranging from 0.7 to 2.0 nm (typically

around 1.0 nm), with lengths that are often hundreds or thousands of times greater than

their diameter [4]. SWCNT also have remarkable flexural properties and an extremely

high Young’s modulus of 1 TPa along their axes [96, 20].

CNM have a huge potential for applications as additives in composite materials due to

their exceptional mechanical properties. It has been found that with the addition of

relatively very low concentrations of CNM, the mechanical [95, 45, 77, 93, 80, 10, 82,

74, 6, 19, 18, 46, 84], thermal [19, 18, 46], and electrical [60, 6, 104, 18] properties of

polymer matrices can be improved considerably. Qian et al. [77] demonstrated that

adding only 1% (by weight) of CNT to a polystyrene (PS) matrix, could increase the
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stiffness of composites between 36% and 42% while increasing the tensile strength by

about 25%.

Reinforcing materials for polymeric matrix systems such as SWCNT and MWCNT, as

well as with CNF, have been shown in previous studies, to improve physical properties

of the composite materials. These studies included SWCNT/polymethylmethacrylate

(PMMA) [30], MWCNT/epoxy [80], CNF/polypropylene (PP) [52, 46], CNF/poly (pheny-

lene sulfide) (PPS) [72], CNF/polystyrene [104], CNF/polycarbonate [19], CNF/epoxy

[18], and CNF/ABS [84] composites. Initial studies using composites of CNT and syn-

thetic polymers have shown that these materials can be used in neural and orthopedic

tissue engineering applications. The reinforcement of naturally derived biopolymers

with CNM is another promising area that is currently being explored. Wang et al. [100]

demonstrated that addition of 0.8% MWCNTs almost doubles the tensile strength and

Young’s modulus of chitosan scaffolds. In another research, Yildirim et al. [105] showed

that the addition of 1% SWCNTs to alginate scaffolds increased the tensile strength by

about 24%.

CNM can be effectively used to reinforce polymer scaffolds only if the external loads

can be efficiently transferred from the matrix to the nanomaterials [5]. CNM exist as

agglomerated ropes of hundreds and thousands of nanotubes/nanofibers due to their

strong inter-tube van der Waals and pi − pi attraction (0.5 eV/nm). The mechani-

cal properties of polymer nanocomposites largely depend on homogeneous dispersion of

individual carbon nanotubes/nanofibers in the matrix since aggregated carbon nan-

otubes/nanofibers show different mechanical behaviour from individual carbon nan-

otubes/nanofibers [82, 96, 14]. However, their dispersion in the polymer is a consid-

erable challenge. CNM functionalization and surfactant addition have been successfully
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used for effective dispersion of the CNM in the polymer matrix [61, 83, 78]. Further,

strong adhesion between the CNM and polymer matrix is essential to ensure good load

transfer from the matrix to the CNM [96, 9]. This can also be controlled through the

functionalization of CNMs.

1.1.4 Carbon Nanomaterials and Biocompatibility

Currently, the effects of CNMs on cell viability, proliferation and differentiation has not

been studied in great detail. For applications in tissue engineering, biocompatibility

of CNM is a primary consideration. Khan [44] used PLA (poly lactic acid) scaffolds

reinforced with SWCNT for regenerating cartilage tissue and found the CNT had no

hostile or debilitating effect on cells. Similarly, Webster et al. [102] found that the

cellular response of neuronal and osteoblast cells to CNF-reinforced polycarbonate ure-

thane composites was positive, suggesting that these composites have a good potential

for neural and orthopedic applications. Because of their exceptional thermal and electri-

cal conductivities, CNT have also been used by researchers to expose cells to electrical

stimulation [91] and neuron growth using certain bioactive coatings [57]. Other studies,

however, show that CNT can cause cytotoxicity in the short term (18 hour exposure) in

vitro [85, 99, 34, 48, 101]. These effects may, however, be temporary with no differences

observed in cell viability in the long term [53].

Currently, not much is known about the in vivo effects of CNT. Pure carbon is consid-

ered a harmless material, in general. But, there is little understanding about the effect

of carbon nanostructures on cells [68]. The literature suggests that various factors like

the method of preparation, type, functionalization and concentration of CNM may have

an effect on cell viability. For example, Nimmagadda et al. [67] showed that SWCNT
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functionalized with glucosamine have higher cell viability than purified SWCNT prepa-

rations at equivalent concentrations.

1.2 Computational Modeling of Soft Biomaterials

Functional tissue engineering aims at developing biological substitutes that are mechan-

ically capable of handling the physiological loads and the mechanical stimulation during

culture. It is of fundamental importance to have a better understanding of the loading

environment within the construct and the effect of mechanical stimulation on the cells.

In order to facilitate this, it is necessary to have robust computational models to describe

the tissue/biomaterial.

1.2.1 Biphasic Behaviour of Soft Porous Biomaterials

Most biomaterials used in tissue engineering applications and connective tissues like car-

tilage, interveterbral disks, cornea, etc., may be different morphologically but they share

many similarities in terms of their basic structural components. These are highly hetero-

geneous structures with a solid matrix, which may be composed of different components

forming a porous network, and a high concentration of fluids. In order to obtain an

accurate model for the mixture, it is neccessary to account for the different constituents

in the model. Such models are called multiphasic models. It is often very difficult

to account for each and every component separately in the solid phase and hence the

solid phase is assumed to consist of a single homogeneous constituent. Thus, the overall

mixture is assumed to consist of one homogeneous solid phase and a fluid phase. Such

materials are classified as biphasic materials.
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In biphasic materials the solid matrix is permeable to fluid flow and any volumetric

deformation of the solid causes flow of fluid into or out of the solid matrix. In general,

the permeability of the solid matrix is very low. For example, for articular cartilage it is

of the order of 10−13 to 10−16m4/Ns [56, 65]. This low permeability causes the fluid to

exert a huge frictional drag on the solid as it flows through the pores. This drag force

is significant due to the low elastic moduli (0.01 to 10 MPa) [65] of these porous solids

and causes the mixture to exhibit a viscoelastic response. The biphasic mixture displays

phenomena like creep and stress relaxation which are characteristics of viscoelastic ma-

terials.

When biphasic materials are subjected to sudden compressive loads, most of the load

is instantaneously carried by the fluid which is pressurized since it is trapped inside the

pores. This explains how the weak solid matrix is capable of supporting large loads.

Fluid pressurization shields the solid matrix and also protects the cells living in such

tissues from large deviatoric stresses. The porous solid matrix is capable of undergoing

large strains of about 50% to 80% before failure. This is due to compaction of the solid

matrix and fluid exudation.

1.2.2 Trends in Continuum Mechanics of Porous Media

Since it is extremely difficult to describe the exact location of the pores (either empty or

filled with fluid) and the solid material in a biphasic material, the heterogeneous com-

position is generally investigated using a volume fraction concept wherein the solid and

fluid phases are assumed to be smeared throughout the volume occupied by the porous

solid such that every point in the volume consists of both solid and fluid phases and these

smeared continua thus have reduced densities compared to the original consituents. As
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a consequence, mathematical functions describing both geometrical and physical prop-

erties of each constituent are field functions defined over the domain of interest.

Although the biphasic approach has been applied successfully to model various tissues

such as the meniscus [89], mandibular joints [27], flexor digitorum profundus tendons

[31], arterial walls, heart walls, skin and hydrogels [36], it was primarily developed to

model articular cartilage. This theory has been successfully used to describe the defor-

mation and stress fields under a variety of loading configurations [86, 66, 54, 64, 7, 87].

This has been possible due to the similarities in the deformational behavior of many soft

porous-permeable biomaterials and a variety of tissues.

Preliminary Models

Preliminary models used to describe biphasic materials used a single phase description

to explain the combined behaviour of the fluid-solid mixture. Hayes et al. [33] described

the articular cartilage as a linearly elastic solid and determined its elastic shear modulus

using indentation tests. Kempson et al. [43] used a single phase viscoelastic model to

describe the creep experiments performed on articular cartilage. This kind of single-

phase description of the biphasic mixture can only be used to describe the behavior in

a single mode of deformation at most with limited accuracy. In order to describe the

behavior of the mixture accurately it is necessary to account for the different constituents

of the mixture.

Linear and Nonlinear Biphasic Theory

The theory of porous media has a long tradition (see [21, 22]). Bowen used the theory of

mixtures restricted by the volume fraction concept in order to treat incompressible [12]
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and compressible [13] porous media. Mow et al. [66] published a paper independently,

similar to Bowen’s [12] approach. They developed an incompressible binary mixture

model which was mainly concerned with biomechanical problems. In this simplified

model, the solid phase was assumed to be isotropic and linearly elastic and the interstitial

fluid was assumed to be incompressible and inviscid. This model identified the aggregate

modulus, Poisson’s ratio and the permeability as the three material constants for a

linearly biphasic material. The permeability of the tissue was assumed to be constant

in the linear biphasic theory.

There were several shortcomings to the linear biphasic model. The permeability of the

material is expected to change as it is deformed. In 1976, Mansour and Mow [55] found

that higher strains caused the permeability to decrease exponentially with increase in

strain. This phenomenon was incorporated in the biphasic model by Lai and Mow in

1980 [47] by introducing the concept of exponential strain dependent permeability. This

theory was validated by Mow et al. for various loading configurations such as indentation

[54, 64], and confined and unconfined compression [66, 7].

The linear biphasic theory could not fairly predict material behavior for physiological

loading conditions and large deformations. Holmes and Mow [37] proposed a finite

deformation biphasic model for hydrated connective tissues and soft gels. They used an

exponential hyperelastic constitutive relationship between stress and strain in order to

provide a nonlinear description of the solid phase. This model was capable of handling

physiological loads and large deformations. It provided a realistic fluid phase constitutive

description by including strain-dependent permeability which was absent in the linear

biphasic models.
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1.2.3 Biphasic Material Models for Agarose

The biomaterial used for making the nanocomposite scaffolds in this research is agarose.

Agarose is a hydrogel which consists of a highly porous solid matrix that can readily

absorb and hold fluid. Agarose has been used in tissue engineering as a scaffold material

because it is biocompatible and offers a great substrate for cell attachment, cell differen-

tiation and proliferation [59, 8, 15, 42]. In the context of tissue engineering, it is known

that mechanical stimulation can be successfully used to alter the properties of the engi-

neered tissue by controlling the phenotypic expression of the cells within the construct

[58]. It has been shown that dynamic compression of cell-seeded gel constructs at certain

frequencies and amplitudes stimulates the synthesis of matrix constituents like proteo-

glycans and proteins [79]. This has a significant effect on the mechanical properties of

the construct. For example, it was shown by Mauck et al. [59] that the equilibrium ag-

gregate modulus of cell-seeded disks of agarose subjected to dynamic loading increased

by about six times compared to that of free swelling controls after 28 days of loading.

In order to better understand the mechanical stimulation and the loading environment

within the construct to which the cells are subjected and to be able to compare the me-

chanical properties of various constructs, it is necessary to have a realistic constitutive

model for agarose and a standard way to mechanically characterize these materials.

Tissue engineers have been interested in the material properties of agarose because the

success of a tissue engineered construct depends on its ability to mimic the native tis-

sue [42]. Agarose has been modeled as a biphasic material with linearly elastic solid

in the literature [15, 51, 59]. Thus, it has been described using its aggregate modulus,

Poisson’s ratio and permeability to assess its efficacy as a tissue engineering construct.

However, when the permeability of the gel from the linear biphasic theory, as proposed
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by Mauck [59] for small deformations, was compared with results obtained from direct

permeation experiments [88], a huge discrepancy was observed between the two results.

This indicated that the linear biphasic theory is inefficient when it comes to predicting

agarose response in compression.

Thus, there is a need to model such soft biomaterials and hydrogels using the nonlinear

biphasic model as proposed by Holmes and Mow [37] with strain-dependent permeabil-

ity. It is also known that under high physiological loads these biomaterials undergo finite

deformations. The nonlinear biphasic theory supports large deformations. The expo-

nential constitutive relationship for the solid phase used by Holmes and Mow was shown

to be appropriate for modeling bovine articular cartilage. However, such a description

cannot be generalized for all biphasic materials, although there is a lot of similarity

in the structural composition. This is because the constitutive description of the solid

phase at equilibrium is largely governed by the microscale properties of the materials.

To our knowledge, the nonlinear biphasic behavior of agarose and its nanocomposites

for finite strains has not been studied till date.

1.3 Research Objectives

The overall goal of this dissertation is to develop novel carbon nanomaterial-reinforced

biomaterial composites with enhanced material properties for use in tissue engineering.

This research has two broad aspects. The first deals with application of nanotechnol-

ogy to tissue engineering in order to develop better scaffold materials and the second

focuses on the mechanical characterization and computational modeling of soft porous

biomaterials and their composites as biphasic materials. The specific objectives of the
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two aspects of this research are as listed here.

In order to assess the application of agarose and its nanocomposites as tissue engineering

scaffolds, we need to accomplish the following objectives.

1. Determine the effect of carbon nanomaterial concentration on

(a) the mechanical properties of the agarose nanocomposite.

(b) the biocompatibility of the agarose nanocomposite.

2. Determine the type and functionalization of carbon nanomaterials that most im-

proves the mechanical integrity without compromising biocompatibility.

In the context of computational modeling and mechanical characterization of agarose

and its nanocomposites, the following objectives need to be accomplished.

1. Develop a standard method to numerically characterize agarose and its nanocom-

posites.

2. Develop a macro-scale material model for agarose and its nanocomposites based on

nonlinear biphasic theory that describes their equilibrium and transient behavior.

1.4 Outline of the Dissertation

The rest of the dissertation is organized as follows. In Chapter 2, we lay down the basic

fundamentals of the numerical modeling of soft biomaterials using the biphasic theory.

The equations of motion are laid down and the constitutive relations for the solid and the

permeability are discussed. The equations of motion along with constitutive relations

completely define the problem of modeling the biphasic system and are specialized for
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the uniaxial deformation problem.

In Chapter 3, we discuss the materials used for making the constructs for this research.

We lay down the test plan summary for the experiments performed for determining

the effect of concentration, type and functionalization of the carbon nanomaterials on

the mechanical properties and biocompatibility of agarose. We discuss in detail, the

experimental protocol for biocompatibility and mechanical testing used to assess the

nanocomposites for use in tissue engineering. Following this we discuss the data analysis

techniques used to post-process experimental data from the mechanical tests in order to

obtain the material parameters for the solid and the fluid phase.

In Chapter 4, we present the results obtained for various tests performed during this

research. The results of the mechanical tests are postprocessed to obtain the definitions

of the constitutive relationships for the solid and the permeability in order to develop a

complete robust computational model for the biphasic system.

Finally, in Chapter 5, we provide some concluding remarks with suggestions for future

work in this research.
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Chapter 2

Computational Modeling of Soft

Biomaterials as Biphasic Materials

As discussed in the previous chapter, most soft hydrated biomaterials and tissues can be

treated as biphasic materials consisting of a solid phase and a fluid phase. The simplest

example of a biphasic system is a sponge filled with water. In this chapter, we will

discuss the balance laws and equations of motion for a biphasic material. Each phase

has mass and a displacement field associated with it. Hence, we can apply balance

laws for mass momentum and energy for both phases. These equations are not very

different from those for a single phase system. However, it is important to account for

the interactions between the two phases when considering a biphasic system. These are

accounted for by introducing additional interaction terms in the balance equations.

Once the balance laws are discussed and equations of motion are formulated for both

phases, the next step is to develop constitutive relationships for the fluid and solid

phases in order to be able to solve the equations of motion. These constitutive relations
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are discussed for the linear and nonlinear biphasic theory. This is followed by the

development of specialized governing equations for uniaxial problems.

As discussed in the previous chapter, the biphasic theory uses a binary mixture approach

to solve biomechanical problems. It uses the theory of mixtures restricted by the volume

fraction concept. The mixture theory is based on certain assumptions, three of which

are of particular interest and are discussed below [36].

Properties of the Mixture: The properties of the mixture should be mathematical

consequences of the properties of the individual constituents forming the mixture

[97]. Thus, the balance laws for for the mixture should be deduced from the balance

laws of the individual constituents.

Principle of Mixture: The equations of motion of the mixture are the same as those

of the constituents, provided that the interactions between the constituents are

accounted for.

Principle of Phase Reduction: The equations of motion for the mixture should re-

duce to those for a single phase system if the volume fractions corresponding to

the remaining phases are set to zero.

2.1 Mixture Theory

Before we discuss the equations of motion for the constituents of the biphasic material,

it is important to discuss the concept of volume fractions. According to the mixture

theory, the geometrical interpretation of the porestructure and the exact location of the

individual constituents are ignored and it is assumed that the pores are statistically
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distributed and that an arbitrary volume element in the material is composed of volume

elements of the real constituents. In order words, each spatial point in the mixture is

assumed to be simultaneously occupied by a material point of each constituent. This

concept gives rise to substitute continuum descriptions for the solid and fluid phases with

reduced densities by assuming that the constituent phases are “smeared” throughout the

mixture volume. Thus, for the α phase, the spatial coordinate xα of the material point

Xα is defined as

xα = xα(Xα, t). (2.1)

Thus, for each spatial point in the mixture, x, each constituent has a material point Xα

such that x = xα(Xα, t). The mass density of the constituents can be defined in two

ways; one based on the volume occupied by the constituent alone and one based on the

volume occupied by the mixture as follows [36].

ρα(x, t) =
dm

dV
is the mass density based on the mixture volume (V ) known as

the bulk or partial density, and

ραT (x, t) =
dm

dV α
is the mass density based on the volume occupied by the

constituent α(V α), known as the intrinsic or material density.

(2.2)

The volume fraction of the α constituent is defined as the volume of the α phase per

unit volume of the mixture,

φα =
dV α

dV
. (2.3)

This gives us a relationship between the two densities as

ρα = φαραT . (2.4)
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The equations of motion are written in terms of the partial densities ρα.

2.2 Equations of Motion

In this section, we will discuss the balance laws for mass, momentum and energy applied

to biphasic materials. Equations can be written for each phase separately and for the

mixture as a whole. It is important to account for the interaction terms between the

two phases in the individual phase equations.

For a single-phase material the balance of mass, momentum and energy can be formu-

lated as [40]

∂ρ

∂t
+ ρ∇ · v = 0, (2.5)

∇ · σ + ρb = ρa, (2.6)

ρ
∂ε

∂t
= σ:D−∇ · q + ρg. (2.7)

Here ρ is the density of the material, t is the time, v is the velocity field, σ is the Cauchy

stress tensor, b is the body force vector, a is the acceleration, ε is the internal energy

density, D is the symmetric part of the velocity gradient, q is the spatial heat flux, and

g is the heat supply density.

This can be extended to individual constituents in a multiphasic system by including

the interaction terms as follows.

∂αρα

∂t
+ ρα∇ · vα = mα, (2.8)

∇ · σα + ραbα = ραaα + πα, (2.9)
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ρα
∂εα

∂t
= σα:Dα −∇ · qα + ραgα + Eα, (2.10)

where α denotes the individual phase for which the equations are written and mα,πα and

Eα are the interaction terms for mass, momentum and energy between the α phase and

the remaining phases in the mixture. The biphasic theory deals with only two phases,

namely the solid and the fluid phases. These phases will be denoted by superscripts s

and f .

Assuming that there is no interchange of mass between the solid and the fluid phases,

the continuity or the mass balance equations for a biphasic material can be written as,

∂ρs

∂t
+∇ · (ρsvs) = 0, (2.11)

∂ρf

∂t
+∇ · (ρfvf ) = 0. (2.12)

Here ρs and ρf are the partial densities of the solid and fluid phases respectively and vs

and vf are their respective velocities.

Assuming that each constituent is incompressible, the intrinsic density of the material

remains constant. It can be easily derived that for a fully saturated biphasic material,

φf + φs = 1. (2.13)

Here φf and φs are the fluid and solid volume fractions respectively. Thus, we can use

equation (2.4) in the continuity equations (2.11 and 2.12) for the individual phases and

add the equations to obtain

∇ · (φfvf + φsvs) = 0. (2.14)
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Now consider the linear momentum balance equations. For a quasi-static problem, the

acceleration aα can be neglected. Also if we assume that the body forces bα are absent,

we can write the momentum equations as

∇ · σs + πs = 0, (2.15)

∇ · σf + πf = 0. (2.16)

Here σs and σf are the Cauchy stress tensors based on the mixture area, and πs and

πf are the body forces that arise due to transfer of momentum between the two phases.

According to Newton’s third law of motion, these body forces are equal and opposite at

each point in the mixture. Hence,

πs = −πf = π (2.17)

Similarly, ignoring the heat flux q and the heat supply density g, the energy balance

equations can be written as

ρs
∂εs

∂t
= σs : Ds + Es, (2.18)

ρf
∂εf

∂t
= σf : Df + Ef , (2.19)

Additionally, it can be proved using the law of conservation of angular momentum that

the stress tensor for the mixture as a whole is symmetric but the stress tensors for each

constituent may not be symmetric [36]. They are symmetric if the moment of momentum

supply terms to those phases are zero.

The Cauchy stress tensors for the fluid and the solid phases can be obtained from the
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balance equations and the Clausius-Duhem entropy inequality as (see [36] for a detailed

derivation)

σs = −φspI + σe and (2.20)

σf = −φfpI. (2.21)

Here σe is the elastic stress tensor for the solid phase, I is the identity tensor and p is

the pressure term that has to be incorporated due to the incompressibility of the phases.

Having developed the equations of motion we will now look at the constitutive relation-

ships for each of the two phases. These equations will be used to define the momentum

supply term π in the momentum balance equations (2.15 and 2.16) and the elastic stress

tensor σe in the solid stress equation (2.20).

2.3 Constitutive Equations for Biphasic Materials

Constitutive equations are developed for the elastic stress tensor σe for the solid phase

and the momentum supply term π for the interactions between the solid and the fluid

phases. It is important to note that even though there is an interaction between the

solid and the fluid phases, constitutive relationships for both phases can be developed

independently. However, the constraints applied to the motion of a single phase material

apply to each constituent of the mixture. According to Passmann and Nunziato’s [71]

principle of phase separation, in a multiphase mixture where the constituents are physi-

cally separated, the material specific dependent variables of a given phase, for example,

the stress and the Helmholtz free energy density depend only on the independent vari-

ables of that phase, whereas the interaction terms, like the momentum transfer term, π,
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depend on all the independent variables.

2.3.1 Solid Phase Constitutive Description

The solid phase can be described as a linearly elastic solid for small strains. For large

strains, however, the solid phase constitutive description should account for material

and geometrical nonlinearity. In addition to this, the constitutive behavior may also

need to be adapted to isotropic, transversely isotropic or anisotropic behaviors. We will

restrict our discussion to isotropic solids.

Linearly Elastic Solid

In the linear biphasic theory, the solid phase is described as a linearly elastic material

with

σe = λstr(es)I + 2µses, (2.22)

where, es is the strain tensor for small deformations, I is the identity tensor and λs, µs

are the Lamé parameters. The strain tensor, es, is written in terms of the displacement

field us as follows

es =
1

2

[
∇us + (∇us)T

]
. (2.23)

Substituting σe from equation (2.22) in equation (2.20), we obtain the solid phase stress

as

σs = −φspI + λstr(es)I + 2µses (2.24)

This describes the constitutive relationship for a linearly elastic isotropic solid phase for

the biphasic material.
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Nonlinearly Elastic Solid

Given the fact that most hydrated tissues are subjected to large strains in vivo, it is nec-

essary to have a constitutive law for the solid phase that can handle finite deformations.

In fact the most significant part of modeling a biphasic material for finite deformation is

to find a constitutive relationship for the solid phase elastic stress and the permeability.

It is known from the literature that the stress-strain relationship for the solid phase of

these biphasic materials is highly nonlinear at large strains [37]. The goal, thus, is to

determine a strain energy function, ψs, that best describes the nonlinear stress-strain re-

lationship. In this research we will use a compressible nonlinear hyperelastic description

for the solid phase. Various forms of the strain energy function [38] can be used to de-

scribe such a behavior, namely the Neo-Hookean model, the Mooney-Rivlin model, the

Polynomial model, the exponential model, etc. We consider a special form of the strain

energy density function called the Ogden-Hill strain energy potential, that is based on

the principal stretches and is typically used to model foam-like or elastomeric materials.

Before we discuss the specific form of the strain energy potential, it is important to have

a brief overview of continuum mechanics applied to biphasic materials. Let Ω denote

the current configuration of the biphasic mixture at time t and Ωs
0 and Ωf

0 denote the

initial or reference configuration for the solid and fluid phases. As discussed earlier, for

each spatial point in the mixture, x, there is a material point Xα, (α = s, f) such that,

x = xα(Xα, t). (2.25)
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The superscript α is dropped in the further discussion for clarity. The deformation

gradient associated with the associated with the motion of each phase is defined as

F =
∂x

∂X
(2.26)

The right and left Cauchy-Green deformation tensors are defined as

C = FTF and (2.27)

B = FFT (2.28)

respectively. For an isotropic solid, it is also important to introduce the principal invari-

ants of the Cauchy-Green deformation tensors. These are equal for C and B and are

defined as follows.

I1 = tr(C), (2.29)

I2 =
1

2

[
I2

1 − tr(C2)
]
, and (2.30)

I3 = det(C). (2.31)

The eigenvalues of the Cauchy-Green deformation tensors are the squares of the prin-

cipal stretches λ1, λ2 and λ3. The strain energy density function for the isotropic solid

phase can be defined as a function of the Cauchy strain tensors, strain invariants or the

principal stretches as,

ψs = ψs(C) = ψs(B) = ψs(I1, I2, I3) = ψs(λ1, λ2, λ3). (2.32)
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Accordingly, the elastic Cauchy stress for the solid phase, defined as

σe =
2

J
F
∂ψs

∂C
FT , (2.33)

can be obtained from the strain energy density definitions in terms of the invariants or in

terms of the principal stretches. Here J is the determinant of the deformation gradient

and is a measure of the volumetric change. Thus,

σe =
2

J
(c1B + c2B

2 + c3B
3) or, (2.34)

σei =
1

J
λi
∂ψs

∂λi
(2.35)

where σei are the principal stress components of the elastic stress tensor for the solid and

c1 =
∂ψs

∂I1

+ I1
∂ψs

∂I2

+ I2
∂ψs

∂I3

, (2.36)

c2 = −∂ψ
s

∂I2

− I1
∂ψs

∂I3

, and (2.37)

c3 =
∂ψs

∂I3

. (2.38)

It is convenient to have a strain energy density function that is defined using the principal

stretches rather than using the principal invariants since stretches are obtained easily

from experiments.

The strain energy density function that will be considered here, called the Ogden-Hill

strain energy potential, is defined using the principal stretches. It is used to model the

material as a compressible isotropic hyperelastic material during the loading phase and
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is defined as

ψs =
N∑
i=1

2µi
α2
i

[
λαi

1 + λαi
2 + λαi

3 − 3 +
1

βi

(
J−αiβi − 1

)]
. (2.39)

Here, µi, αi and βi are the unknown material parameters. The solid phase is completely

defined by these three parameters. Although, the parameters may not have direct physi-

cal significance, other quantities of physical significance obtained using these parameters

are as follows. Poisson’s ratio νi is related to the parameters βi as

νi =
βi

1 + 2βi
. (2.40)

The initial shear modulus µ0 is defined as

µ0 =
N∑
i=1

µi (2.41)

and the initial bulk modulus κ0 is defined as

κ0 =
N∑
i=1

2µi

(
1

3
+ βi

)
(2.42)

The Cauchy stress σej and the nominal stress Tj are obtained from this definition of the

strain energy density function as follows

σej =
1

J
λj
∂ψs

∂λj
=

2

J

N∑
i=1

µi
αi

(
λαi
j − J−αiβi

)
and (2.43)

Tj =
∂ψs

∂λj
=

2

λj

N∑
i=1

µi
αi

(
λαi
j − J−αiβi

)
. (2.44)
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Pseudo-Elasticity for the Solid Phase

Our experiments indicate that the candidate biomaterial used for this research (agarose)

displays a marked stress-softening response during unloading after loading, i.e., the stress

in the material during the unloading is significantly less than the stress during the load-

ing for the same deformation. This is represented in Fig. 2.1. This hysteretic response is

0
Strain

S
tr

es
s

Loading

Unloading

Figure 2.1: Typical stress-strain behavior for a material with a pseudoelastic response
(Part C).

observed in a quasistatic loading-unloading process and hence does not involve any time

(or rate) dependent effects. Also, the Mullin’s effect is ruled out in this case because the

specimens are preconditioned up to the maximum strain before testing.

The hysteretic response of the material is presumably due to dissipation of energy associ-

28



www.manaraa.com

ated with recoverable damage. Such a behavior cannot be modeled using hyperelasticity.

The pseudo-elastic model developed by Dorfmann and Ogden [28] for modeling similar

behavior in particle-filled rubber is adapted here and is described below.

The strain energy density function for the solid phase ψs is modified by incorporating

an additional variable η into its definition. Thus,

ψs = ψs(λ1, λ2, λ3, η). (2.45)

The parameter η allows us to change the form of the strain energy density function

according to the deformation process. With this new definition of the strain energy

density function, the material can no longer be considered elastic and the function

ψs(λ1, λ2, λ3, η) is referred to as a pseudo-energy function.

The variable η is defined such that it has a constant value during loading and its value

keeps changing during unloading. This behavior needs to be incorporated in the defini-

tion of η. Setting the constant value of η to unity during loading, we get

ψs0(λ1, λ2, λ3) = ψs(λ1, λ2, λ3, 1), (2.46)

which defines ψs0 as the value of the pseudo-energy density function during loading. We

obtain the corresponding Cauchy stress and nominal stress as

σe0j =
1

J
λj
∂ψs0
∂λj

and (2.47)

T0j =
∂ψs0
∂λj

, (2.48)
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respectively.

The definition of the strain energy density function in equation (2.45) is subject to the

following constraint [70, 28]

∂ψs

∂η
(λ1, λ2, λ3, η) = 0, (2.49)

which implicitly defines η uniquely in terms of λi. Thus, we can write the solution of

the form η = ηe(λ1, λ2, λ3). Using this we can define the resulting unique strain energy

density function as

ψ̂s(λ1, λ2, λ3) = ψs(λ1, λ2, λ3, η(λ1, λ2, λ3)). (2.50)

Following [28], we define the strain energy density function to have the form,

ψs(λ1, λ2, λ3, η) = ηψs0(λ1, λ2, λ3) + φ(η), φ(1) = 0. (2.51)

This reduces to equation (2.46) for η = 1 during loading. The function φ(η) represents

the energy dissipation and is discussed in detail later in this section.

The resulting Cauchy and nominal stresses are defined as

σej = η
1

J
λj
∂ψs0
∂λj

and (2.52)

Tj = η
∂ψs0
∂λj

. (2.53)

Comparing these with equations (2.47) and (2.48), we get

σej = ησe0j and (2.54)
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Tj = ηT0j. (2.55)

That is, the stresses in general are equal to the stresses in the undamaged material but

scaled by the factor η. These equations hold during loading and unloading. During

loading, η = 1 and the Cauchy and the nominal stresses are simply given by σe0j and T0j

respectively and during unloading, the stresses are ησe0j and ηT0j respectively. Thus, the

new pseudo-energy function allows us to obtain the stress due to softening by scaling

the stress without softening (i.e. during loading) by a variable factor η.

It is clear that the variable η ≤ 1. During loading and at the beginning of unloading,

η = 1 and it decreases as the unloading progresses.

We now look at the function φ(η). Differentiating equation (2.51) with respect to η and

using equation (2.49), we obtain

φ′(η) = −ψs0(λ1, λ2, λ3). (2.56)

Thus, φ′(η) is directly related to the energy stored due to the deformation of the material.

At the beginning of unloading when η = 1, φ′(η) is equal to the negative of the maximum

value attained by the strain energy, which we denote by ψsmax, i.e., φ′(1) = −ψsmax.

When the material is fully unloaded, with λi = 1, η attains a minimum value, denoted

by ηmin, where we have φ′(ηmin) = −ψs0(1, 1, 1) = 0.

At the end of the unloading, the pseudo-energy function given in equation (2.51) has a

residual value given by ψs(1, 1, 1, ηmin) = φ(ηmin). This is the non-recoverable residual

energy that is dissipated through the loading-unloading cycle. Thus, we can refer to

φ(η) as the dissipation function.
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Following [28], we choose the following form for the dissipation function φ

φ′(η) = −m tanh−1 [r(η − 1)]− ψsmax. (2.57)

Here r and m are positive material parameters to be determined from experiments. The

parameter r is dimensionless and m has the same units as the shear modulus, i.e., MPa.

Using equations (2.56) and (2.57), we obtain,

η = 1− 1

r
tanh

[
ψsmax − ψs0(λ1, λ2, λ3)

m

]
. (2.58)

During loading, the value of ψsmax is continuously updated to ψs0(λ1, λ2, λ3) as the ma-

terial deforms and hence η = 1. During unloading, η decreases continuously and at the

end of unloading reaches a ηmin given by

ηmin = 1− 1

r
tanh

[
ψsmax
m

]
. (2.59)

Fig. 2.2 shows a plot of the η function with respect to strain for r = 6.08E-03 and m =

3.89E-01. The specimen is loaded upto 50% strain and is unloaded back to zero strain

configuration. Equation (2.57) can be integrated to obtain

φ(η) = −m(η − 1) tanh−1 [r(η − 1)]− ψsmax(η − 1)− m

2r
log
[
1− r2(η − 1)2

]
(2.60)

During loading, the strain energy density function is given by ψs0(λ1, λ2, λ3). We define

this as the Ogden-Hill strain energy potential given by equation (2.39). Thus, the

loading part of the stress-strain curve follows the hyperelastic material behavior. The
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Figure 2.2: η versus strain for a sample loading case where the specimen is loaded up to
50% strain followed by unloading up to 0 % strain using r = 6.08E-03 and m = 3.89E-01.

curve-fitting of the pseudo-elasticity model to the experimental data is discussed in

Chapter 3.

2.3.2 Fluid Phase Constitutive Description

The fluid phase is modeled as incompressible and inviscid. The momentum supply term

πs in equation (2.15) can be written as [36]

πs = p∇φs − π0, (2.61)

where π0 represents the diffusive drag caused due to the relative movement between the

fluid and the solid. According to Darcy’s law, this drag depends on the relative velocity
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of the fluid phase with respect to the solid phase and can be written as

π0 = K
(
vs − vf

)
. (2.62)

Here, K is non-negative and is called the diffusive drag coefficient. It is related to the

intrinsic permeability of the material, k, as

k =
(φf )2

K
(2.63)

The permeability k is assumed to be constant in the linear biphasic theory. However, it is

intuitively easy to guess that the material porosity and permeability should change with

volumetric deformations, especially at large strains. If Φ0 denotes the initial solidity or

the initial solid fraction, then the current values of solid and fluid fractions, φs and φf

can be obtained using the third invariant as

φs =
Φ0√
I3

(2.64)

and

φf = 1− Φ0√
I3

. (2.65)

In the nonlinear biphasic theory, the permeability is assumed to depend on the strain.

The choice of the relationship between the permeability and strain largely affects the

mechanical behaviour of the biphasic material. In this work, the exponential dependence

of permeability on the strain, proposed by Holmes and Mow [37], will be used. The
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permeability, k, is defined as

k = k0

[
Φ0φ

f

(1− Φ0)φs

]κ
exp

{
M(I3 − 1)

2

}
. (2.66)

Here k0 is the permeability at zero strain and κ and M are non-dimensional coefficients

that should be found from experimental data.

2.4 Governing Differential Equations

The momentum equations can be further simplified using the constitutive equations in

order to obtain the governing differential equations for the biphasic material. Substitut-

ing σs from equation (2.20) in equation (2.15), and using equation (2.61), we obtain

∇ · (−φspI + σe) + p∇φs − π0 = 0. (2.67)

Further simplification gives,

−φs∇p+∇ · σe = π0. (2.68)

Similarly, for the fluid phase, using equations (2.21) and (2.61) in equation (2.16), we

obtain,

∇ · (−φfpI)− p∇φs + π0 = 0. (2.69)
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This can be simplified using equations (2.13), (2.62) and (2.63) to obtain the simplified

momentum equation for the fluid phase,

∇p =
π0

φf
=
φf

k
(vs − vf ). (2.70)

Substituting this in equation (2.68), the simplified momentum equation for the solid

phase is obtained as,

∇ · σe =
π0

φf
=
φf

k
(vs − vf ). (2.71)

2.4.1 Uniaxial Deformation

Since it is easy to develop and solve analytical equations for uniaxial deformation, we will

now specialize the momentum equations developed so far for the uniaxial deformation

problem. From an experimental point of view also, uniaxial deformation is easy to

achieve. Let us assume that the deformation and motion completely take place in the

z direction [36] i.e. there is no flow of fluid or solid in the other two directions. This

is typical of the so-called confined compression experiment, discussed later in chapter 3.

The solid and fluid stresses in the z direction are given by

σszz = −φsp+ σezz (2.72)

and

σfzz = −φfp (2.73)
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The momentum equations can be written as

∂σezz
∂z

=
π0

φf
=
φf

k
(vs − vf ). (2.74)

where the respective velocities are defined in the z direction, and

∂p

∂z
=
∂σezz
∂z

. (2.75)

This fluid phase equation is readily solvable and it is found that

p(z, t) = σe(z, t) + p0(t), (2.76)

where p0 is another constant of integration determined from boundary conditions. For

a uniaxial problem, the continuity equation (2.14) can be integrated in the z direction

to obtain

φsvs + φfvf = v0, (2.77)

where v0 is a constant of integration which can be found using the boundary conditions.

Substituting this in the solid phase equation, we obtain

∂σezz
∂z

=
1

k
(vs − v0). (2.78)

Following the derivation in [36] and moving to a material coordinate system Z with solid

displacement U(Z, t) and solidity Φs(Z, t), for the uniaxial case, we can write the axial

stretch as

λ =
∂z

∂Z
= 1 +

∂U

∂Z
. (2.79)
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Also, the velocity of the solid phase, vs, can be written as

vs =
∂U

∂t
. (2.80)

From equation (2.78), we have

∂σe

∂λ

∂λ

∂Z

∂Z

∂z
=

1

k

(
∂U

∂t
− v0

)
. (2.81)

Using equation (2.79) in the above equation and simplifying, we obtain the governing

differential equation for the uniaxial deformation problem as stated below

k

λ

∂σe

∂λ

∂2U

∂Z2
=
∂U

∂t
− v0, 0 < Z < h, t > 0 (2.82)

where h is the thickness of the undeformed material.
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Chapter 3

Materials, Experimental Methods,

and Computational Modeling

This chapter discusses the materials, and experimental and computational methods used

for this research. The candidate biomaterial used for preparation of the nanocomposites

is agarose, a hydrogel typically used in articular cartilage tissue engineering [69, 59].

Different types of CNMs with different kinds of functionalizations are obtained from two

sources. Experimental methods are established to study the effects of concentration,

type and functionalization of the nanomaterials on the biocompatibility and mechanical

properties of the nanocomposites. This chapter also discusses how robust computational

models can be defined for the biphasic soft biomaterials based on experimental data.

Data analysis techniques used for postprocessing the results of the mechanical tests and

determining the solid and fluid phase constitutive parameters are presented.
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3.1 Materials

3.1.1 Agarose

Agarose belongs to a family of polysaccharides known as agars. These are obtained from

algae such as seaweed. These polysaccharides hold water and prevent dessication during

low tide and also provide mechanical rigidity so that the cells do not collapse. They find

applications in the food industry, for example, in ice-creams, desert jelly and instant

whips as an ingredient stabilizer. The chemical structure of agarose is composed of two

chains forming a tight left-handed double helix. It is structurally classified as a galac-

tose polymer (galactan). Water gets trapped inside the double-helix since the chains are

tightly wrapped. The ends of the two chains provide sites for attachment with other

chains. This crosslinking develops a three-dimensional complex of helical tubes contain-

ing water. The strength of the gel is determined by the length of the helices/coils. The

shorter the coils, the smaller the number of crosslinks and the weaker the gel, whereas

longer coil gels are stronger due to more crosslinks. However, long coil gels hold less

water compared to the short coil ones.

Fig. 3.1 shows a scanning electron microscope image of agarose gel [2]. As seen from the

image, the microstructure clearly displays an interconnected network forming a porous

structure. These pores trap water molecules which are exuded when a volumetric defor-

mation is applied to the structure.

Agarose (Sigma) used in this research is obtained from Invitrogen Life Technologies,

Carlsbad, CA.
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Figure 3.1: A scanning electron microscope image of agarose gel (Magnification:
50,000×) [2].

3.1.2 Carbon Nanomaterials

Different types of carbon nanomaterials (CNMs) with different kinds of functionaliza-

tions are obtained from two sources.

Set I

Carbon nanofibers (CNFs) and multi-walled carbon nanotubes (MWCNTs) in their base,

untreated form as well as functionalized with the OH group and with oxygen (denoted by

OX-functionalization henceforth) are obtained from the Nanoworld and Smart Materials

and Devices Laboratory [3] at the University of Cincinnati. Thus, this set comprises of

six nanomaterials: CNF, CNF-OH, CNF-OX, MWCNT, MWCNT-OH and MWCNT-

OX.

Set II

The second set of CNMs are obtained from an external source, Nanolab Inc., Newton,

MA. CNFs and single-walled carbon nanotubes (SWCNTs) in their base, untreated form
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as well as functionalized with the carboxyl (COOH) group are obtained. This type of

functionalization is chosen based on biocompatibility studies by Mooney et al. [62]. Thus

four different nanomaterials are used from this source: CNF, CNF-COOH, SWCNT and

SWCNT-COOH.

Structurally SWCNTs are single walled cylinders of rolled graphene sheets. MWCNTs

are rolled graphene sheets arranged as concentric cylinders. CNFs, on the other hand,

are cylindric nanostructures with graphene layers stacked as truncated cones. The av-

erage diameter of the CNFs obtained from the Nanoworld and Smart Materials and

Devices Laboratory at the University of Cincinnati is 100 nm. The SWCNTs obtained

from Nanolab Inc. have a diameter of about 1.5 nm and a length of about 1 to 5 µm.

The CNFs have a diameter of about 50 nm and a length of about 20 µm.

3.2 Goals of Experimentation

The goal of the current work is to explore the use of CNMs as reinforcements for tissue

engineering scaffold biomaterials. As discussed in the research objectives in the first

chapter, the specific aims are to investigate the effects of CNM concentration, type and

functionalization on the biocompatibility and mechanical properties of the nanocom-

posites. Experiments are designed to evaluate the biocompatibility and the mechanical

properties of the nanocomposites.

The mechanical tests are designed such that the results of these tests not only help

in comparison of the improvement in mechanical properties, but also provide experi-

mental data for developing robust computational models for the nanocomposites. The

mechanical testing protocols are designed to develop a standard method for complete
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characterization of the solid and the fluid phase properties of agarose and its nanocom-

posites. This should facilitate the constitutive description of both phases. It should be

noted, however, that all the mechanical tests are performed in compression. It is very

difficult to perform tension tests on agarose because it is very weak in tension.

As suggested in the literature and discussed in the first chapter, homogeneous disper-

sion of the carbon nanomaterials in the matrix biomaterial is essential for effective load

transfer from the matrix to the nanomaterials. It is, therefore, also essential to study

the dispersion of the nanomaterials in agarose. Dispersion characterization is the key to

a better understanding of the materials’ mechanical response.

The following is the experimental test plan summary for this research.

3.2.1 Test Plan Summary

In this section, we summarize the experimental work for this research. Table 3.1 pro-

vides the summary in a tabular format. The details of the specific experiments will be

discussed in the subsequent sections.

Part A: Study of the Effect of CNM Concentration

The effect of CNM concentration on the biocompatibility and mechanical properties of

agarose is studied. CNFs supplied by the Nanoworld and Smart Materials and Devices

Laboratory at the University of Cincinnati, are used for this study. CNFs in two dif-

ferent concentrations 0.2% and 2.0% (wt. CNF/wt. agarose gel) are mixed with 2.0%

(wt./vol. of PBS) agarose and these are compared with a control (2.0% agarose only)

case. Biocompatibility and mechanical tests are performed and the results from the

mechanical tests are used for computational modeling of these composites as biphasic
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materials.

Biocompatibility Tests

Biocompatibility tests, in the form of cell viability tests, are performed using live/dead

staining of the constructs seeded with cells. Cell viability is assessed with respect to

CNF concentration.

Mechanical Tests

Unconfined Compression Tests

Multi-step unconfined compression tests are performed where the specimens are loaded

upto 50% strain in increments of 5% strain with each ramp followed by a dwell period

of 1.5 hours for stress-relaxation. Lateral deformations are optically measured at each

equilibrium point. The equilibrium stress-strain response coupled with the lateral de-

formation data is used to develop constitutive relationships for the solid phase (recall

equation (2.44)).

Confined Compression Creep Tests

Single-step confined compression creep tests are performed in order to develop the con-

stitutive relationship for the fluid phase and to determine the permeability constants

(recall equation (2.66)).

The results from the mechanical tests are used for studying the improvement in the

mechanical properties of agarose nanocomposites with respect to concentration of the

CNFs added.

Part B: Study of the Effect of CNM Type and Functionalization

Different types of CNMs with different kinds of functionalizations are obtained from

two sources as described earlier. Set I consists of CNF, CNF-OH, CNF-OX, MWCNT,
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MWCNT-OH and MWCNT-OX and set II consists of CNF, CNF-COOH, SWCNT and

SWCNT-COOH. These CNMs are mixed with 2.0% (wt./vol. of PBS) agarose at a

concentration of 0.2% (wt. CNM/wt. agarose gel). These materials are compared with

respect to biocompatibility and mechanical properties. In addition to this, dispersion

characterization is performed for the nanocomposites to obtain a better understanding

of the mechanical response. The following experiments are performed separately for the

nanocomposites prepared using CNMs from each set.

Biocompatibility Tests

Set I

Cell viability tests are performed by simply suspending CNMs on top of cells are cultured

in a monolayer in a dish. Cell viability is compared for different types and functional-

izations of CNMs in set I.

Set II

Cell viability tests using live/dead staining are performed similar to those performed in

part A. Cell viability is compared for different types and functionalizations of CNMs in

set II.

Mechanical Tests

Unconfined compression tests are performed similar to those performed in part A. In

this study, however, strain increments of 10% strain are used with a maximum strain of

30%. A reduced dwell period of one hour is used at each step for stress relaxation since

it is observed from preliminary tests that the material reaches equilibrium within this

period. Confined compression experiments are not performed in this study.

Dispersion Analysis

Set I
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Dispersion of the CNMs in agarose is studied using optical microscopy and Scanning

Electron Microscopy (SEM).

Set II

Dispersion of the CNMs in agarose is studied using only optical microscopy.

Dispersion analysis provides a good microstructural insight for understanding the ma-

terial’s mechanical response.

Part C: Detailed Mechanical Characterization of Selected CNM Nanocom-

posite

The results obtained from the study in part B are used to select the type and functional-

ization of CNM that provides the maximum enhancement in the mechanical properties

of agarose without compromising its biocompatibility. The purpose of this study is to

perform detailed mechanical testing of the agarose nanocomposite prepared with the

selected CNM for robust computational modeling of the material. The selected CNM is

used at a concentration of 0.2% (wt. CNM/wt. agarose gel) with 2.0% (wt./vol. of PBS)

agarose. The following experiments are performed for the mechanical characterization

Mechanical Tests

Unconfined Compression Tests

Similar to part A, multi-step unconfined compression tests are performed where the

specimens are loaded upto 50% strain in increments of 5% strain with each ramp fol-

lowed by a dwell period for stress-relaxation. A reduced dwell period of 1 hour is used

making sure that equilibrium is reached at each step. Loading is followed by unloading

where the strain is reduced in steps of 5% decrements with dwell period of 1 hour in each

step for stress recovery. Lateral deformations are optically measured at each equilibrium
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point. The equilibrium stress-strain response coupled with the lateral deformation data

is used to develop constitutive relationships for the solid phase.

Confined Compression Creep Tests

These are exactly similar to those performed in part A.

The results from the mechanical tests are used for computational modeling of the agarose

nanocomposite, prepared using the selected CNM, as a biphasic material.

3.3 Specimen Preparation

Part A

CNFs are used at three different concentrations, 0% (control), 0.2% and 2.0% (wt. CNF/

wt. agarose), chosen based upon similar toxicity studies in the literature [53]. These are

mixed with 2.0% (wt./vol. of PBS) agarose. Two kinds of specimens are prepared. Ones

with cells (cellular constructs) are used for testing the biocompatibility of the composites

and the ones without cells (acellular constructs) are used for mechanical characterization.

Part B

Each CNM is used at a concentration of 0.2% (wt. CNM/wt. agarose gel) and mixed with

2.0% (wt./vol. of PBS) agarose. One control case with 0% CNM and 2.0% (wt./vol. of

PBS) agarose is also prepared. Similar to part A, two kinds of specimens are prepared.

Cellular constructs are used for biocompatibility testing and acellular constructs are

used for mechanical testing and dispersion characterization.

Part C

The CNM selected from part B is used at concentrations of 0% (control) and 0.2%

(wt. CNM/wt. agarose gel) and mixed with 2.0% (wt./vol. of PBS) agarose. Only
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acellular constructs are prepared for this study.

3.3.1 Preparation of Acellular Constructs

Part A

CNFs, at concentrations of 0% (control), 0.2% and 2.0% (wt. CNF/wt. agarose gel), are

added to phosphate buffered saline (PBS). This mixture is first sonicated using a probe

sonicator for 5 minutes for proper dispersion of the nanomaterials. Agarose (sigma)

powder at a concentration of 2% (wt./vol. of PBS) is then added to the mixture. This

mixture is then steam-sterilized at a temperature of 124 ◦C in an autoclave. After the

autoclave cycle, the mixture is sonicated for an additional minute. These composites are

then cooled to 45 ◦C in a water bath and cast between glass plates spaced about 2.5 mm

apart in a custom mold. The composites are then allowed to gel at room temperature for

20 minutes. Once the mixture solidifies, it is immediately immersed in fluid (PBS) and

kept hydrated in an incubator at a temperature of 37 ◦C. The gel is stored for at least

two hours before testing in order to allow uniform swelling of all samples. A sterile 4

mm biopsy punch is used to create full-thickness, disk-shaped specimens for mechanical

testing.

Part B

The method of preparation of the acellular constructs for this study is similar to that

in part A with the exception of using each of the CNMs at a concentration of 0.2%

(wt. CNM/wt. agarose gel) only. One control case is prepared with 0% CNM.

Part C

Acellular constructs are prepared for the selected CNM and a control case as in part B.
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3.3.2 Preparation of Cells

Experiments using animal subjects or materials are conducted in accordance with the

Guide for the Care and Use of Laboratory Animals (NIH Publication No. 8523, revised

1996) and University of Cincinnati Institutional Animal Care and Use Guidelines [1].

Part A

Chondrocytes are harvested from the rib cartilage of newborn mice and cultured in

monolayer to passage 7. In a sterile environment, the cells are removed, centrifuged and

re-suspended in normal culture medium. A final concentration of 5×105 viable cells/ml

is placed in a T75 flask. The culture medium consists of Dulbecco’s Modified Eagle’s

Medium (DMEM, Gibco NY, USA) containing 10% (vol/vol) fetal bovine serum (FBS)

and 3% penicillin (100 U/ml) / streptomycin (100 µg/ml). The T75 flasks are incubated

at 37 ◦C in a humidified 5% CO2 incubator for 72 hours prior to seeding. Culture medium

is changed every 3-4 days. Non-adherent cells are removed during medium changes.

Part B

For the CNM comparision studies, bone marrow cells harvested from tibias and femurs

of euthanized adult Spraque-Dawley rats are used. Only passage 2-4 mesenchymal stem

cells (MSCs) are used in this study. The procedure for the preparation of cells is the

same as in part A.

Part C

Since cellular constructs are not prepared in this study, no cells are required.

3.3.3 Preparation of Cellular Constructs

Part A

The cells are detached from the culture dish using trypsin. After the cells are fully
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detached, culture medium is added and the suspension is centrifuged. The supernate is

removed and culture medium is added to obtain cell suspension with a cell concentration

of 1 × 106 cells/ml. CNF-agarose composites are prepared as previously described for

acellular constructs with the exception of using 0%, 0.4% and 4.0% (wt. CNF/wt. agarose

gel) CNFs with 4% (wt./vol. of PBS) agarose, i.e., double the concentration used earlier

for both CNFs and agarose. Once the composite gel is cooled to 40 ◦C, equal volumes of

gel and cell suspension are combined to result in a 2% (wt./vol. of PBS) agarose mixture

with CNF concentrations of 0%, 0.2% and 2.0% (wt. CNF/wt. agarose gel). This is cast

in a multiwell dish under sterile conditions. The mixture is allowed to gel for 20 minutes

at room temperature. Once the mixture gels, 2 ml of culture medium is added to each

well. The multiwell dish is then incubated at 37 ◦C in a humidified 5% CO2 incubator.

Media is changed every other day.

Part B

The procedure for the preparation of cellular constructs is similar to part A with the

exception that the initial concentration of CNMs used is 0.4% (wt. CNM/wt. agarose

gel) to result in a final concentration of 0.2% (wt. CNM/wt. agarose gel) CNM after the

addition of the cell suspension. One control case with 0% CNM is also prepared.

Part C

No cellular constructs are required for this study.

3.4 Biocompatibility (Cell Viability) Tests

Parts A and B (set II)

The biocompatibility of the nanocomposites is assessed by performing cell viability tests
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using live/dead staining. After four days of culture, cells within the cellular constructs

are labeled using Live/Dead stain (Molecular Probes) according to the vendor’s proto-

col. Cells are viewed under a fluorescent microscope (Zeiss Axiovert) with a standard

fluorescein filter (live cells) and a propidium filter (dead cells).

Part B (set I)

The biocompatibility of the nanocomposites in this set is assessed by simply suspending

the CNMs on top of the cells cultured in monolayer in a dish. At the end of four days

of culture, the cells are viewed under a flourescent microscope. Live cells appear spread

out and dead cells appear rounded.

3.5 Mechanical Testing

3.5.1 Multi-step Unconfined Compression Tests

Objective of the Experiment

The goal of the unconfined compression experiments is to obtain the constitutive pa-

rameters for the solid phase. It is known that agarose is a biphasic material composed

of fluid trapped in a porous solid. When sudden compressive deformations are applied

to the mixture, initially the load is completely borne by the fluid due to pressurization.

The mixture behaves like an incompressible solid instantaneously. However, as time pro-

gresses, the fluid slowly exudes from the pores and the load is shared by the solid and

the fluid simultaneously. The response load gradually reduces. The transient response of

the mixture is governed by several factors such as the porosity of the solid, the intercon-

nectivity of the pores, the fluid pressure in the surrounding media, the viscosity of the
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fluid and the fluid-solid interaction. Eventually, at equilibrium, when the fluid pressure

inside the pores reduces to that equal to the fluid pressure in the surrounding media,

then the load is completely carried by the solid phase. Thus, the equilibrium response

solely depends on the solid phase properties. It is clear that the combined behavior

of the mixture is viscoelastic. The multi-step unconfined compression experiments are

performed such that the mixture is allowed to reach equilibrium after applying strain

increments in steps. These equilibrium responses are used to develop a constitutive

relationship for the solid phase in compression.

Testing System

The testing system used for performing the unconfined compression tests is a DC servo-

controlled electromechanical test system (TestResources 100R) manufactured by TestRe-

sources Inc., Shakopee, MN. A 2.2 lb (10N) load cell is used for all the unconfined com-

pression tests performed. Fig. 3.2 shows a picture of the testing system. The accuracy

of the system is ± 0.2% to 0.5% of the load cell capacity and the position resolution is

0.07 microns.

Experiment Description

Part A

Acellular constructs are used for all the mechanical tests. Disk shaped specimens of 4

mm diameter and 2.5 mm height are obtained using a biopsy punch. The height and

diameter of the sample are recorded in the beginning using a vernier caliper. The sam-

ple is then placed in a sufficiently deep chamber (dish) and is kept hydrated in PBS

throughout the experiment. The indenter is then lowered into the chamber until it is in
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Figure 3.2: Test Resources 100R Testing System used in the unconfined compression
experiments.

contact with the top surface of the specimen. A tare load of 0.001N is applied to ensure

contact. This load is less than the reaction load at 1% strain. A multi-step compressive

strain profile is applied as shown in Fig. 3.3. The strain ramps are applied with a

displacement rate of 0.01 mm/s for the 5% strain increment followed by a dwell period

of 1.5 hours for stress relaxation. This is repeated up to 50% strain. The load history

data is recorded and post-processed to obtain the nominal stress.

54



www.manaraa.com

0 1.5 3 4.5 6 7.5 9 10.5 12 13.5 15
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

0.55

Time (hours)

C
om

pr
es

si
ve

 s
tr

ai
n 

(m
m

/m
m

)

Figure 3.3: Strain profile for unconfined compression tests for part A.

It must be noted that since the indenter and the base are rigid and non-porous, fluid flow

is only allowed in the radial direction through the vertical outer surface of the cylindrical

specimen.

Optical measurement of Poisson’s Ratio

In order to develop a robust model for the solid composed of volumetric and deviatoric

components of the strain energy density function, it is important to measure the com-

pressibility of the material. This is accomplished by measuring the lateral deformation

in addition to the axial stress at each equilibrium step. This provides a good measure of

the compressibility of the material. The lateral deformations are relatively very small for

agarose due to high porosity and compaction during compression. Optical measurement

of the lateral deformation turns out to be the most suitable option due to the difficulty

of using conventional strain gages in the set-up.
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The specimen is photographed at the beginning of the experiment and at the end of

each equilibrium step. The camera (Nikon CoolPix 5700; 5.0 Megapixels; 8× optical

zoom) is programmed to take pictures at each equilibrium point automatically. Figure

3.4 shows the images obtained for a 2.0% CNF specimen at equilibrium at 0% and 50%

strains. The lateral deformations are measured by postprocessing the digital images

(a) 0% strain (b) 50% strain

Figure 3.4: Photographs of a 2.0% CNF specimen subjected to unconfined compression
test at (a) 0% strain and at (b) 50% strain.

using the National Instruments Corporation (Austin, TX) software NI-ImaqVision with

machine vision and measurement capabilities. The test data is smoothened by fitting a

polynomial over the data and this smoothened data is used for the constitutive modeling

of the solid phase.

Part B

The procedure used for performing the unconfined compression experiments for this

study is similar to that used in part A with the exception that 10% strain increments

are used up to a maximum compressive strain of 30%. The dwell period for each step

is reduced to one hour making sure that equilibrium is reached at every step. Fig. 3.5

shows the strain profile used for this study. As in part A, measurement of the lateral

deformation is performed optically.
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Figure 3.5: Strain profile for unconfined compression tests for part B.

Part C

For this study, the procedure used for the unconfined compression experiments is also

similar to part A. However, in this case the multistep loading is followed by multistep

unloading of the specimen. During loading 5% strain increments are applied up to a

maximum compressive strain of 50%. A dwell period of one hour is used at each step

for stress relaxation. This is followed by unloading where the strain is reduced in steps

of 5% decrements with a dwell period of one hour in each step for stress recovery. Stress

recovery is the exact opposite of stress relaxation. When the load on the specimen is

suddenly removed, the compressive stress instantaneously drops and gradually rises to

an equilibrium value as the specimen expands. Fig. 3.6 shows the strain profile used for

this study. The lateral deformation of the specimens is measured optically during both

loading and unloading.
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Figure 3.6: Strain profile for unconfined compression tests for part C involve loading
and unloading.

3.5.2 Confined Compression Creep Tests

Objective of the Experiment

Confined compression creep tests have been routinely performed on soft tissues for quite

some time. Mow et al. [66] and Holmes [36], among others, used confined compression

creep tests as a method for understanding the fluid-solid interaction of the articular

cartilage and other hydrated tissues. These tests are used as a standard to determine

the fluid phase strain-dependent permeability constants for the biphasic material.

Testing system

A custom built confined compression testing system (Stress Engineering Services Inc.,

Mason, OH) is used for the confined compression creep tests. Fig. 3.7 shows the confined

compression testing unit. The system is capable of applying a single dead weight of 0.3 N.
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Figure 3.7: Confined compression testing unit.

The load is measured with a high resolution load cell (Sensotec Corporation, Columbus,

OH) and the displacement is measured using an LVDT (Sensotec). Data acquisition is

done using LabView (National Instruments, Austin TX).

Experiment Description

Parts A and C

The acellular constructs used in the unconfined compression tests are reused in the

confined compression creep tests. The cylindrical specimens are placed in a confined
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cylindrical well which has an inner diameter of 4 mm (equal to the specimen diameter).

The bottom of the well is made up of a porous filter with pores large enough to allow free

flow of fluid from the surface of the specimen into the reservoir. The side walls, however

are rigid and non-porous. Thus, there is no radial flow of the fluid or lateral expansion of

the solid. The deformation is purely uniaxial. The specimen is loaded by a non-porous

platen/indenter with a dead weight. The dead-weight is instantaneously applied and

the displacement of the indenter is recorded with respect to time. The displacement

data is post-processed to obtain the strain history curve. Fig. 3.8 shows the schematic

for the confined compression experiment. The fluid flows through the bottom porous

Figure 3.8: Confined compression test schematic

filter. The whole assembly is immersed in the reservoir to maintain the specimen in a

hydrated state at all times. The load is held constant for 20000 seconds. This time

period is selected based on previous experiments in order to guarantee that equilibrium

has been reached.
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3.6 Dispersion Analysis

3.6.1 Using Optical Microscopy

Part B (Set I and II)

Thin slices of about 0.5 mm thickness are cut from the acellular constructs and placed

on glass slides to be viewed under an optical microscope (Zeiss Axiovert) at 400× mag-

nification. Agarose, being transparent, clearly displays the dispersion of the CNMs.

3.6.2 Using Scanning Electron Microscopy

Part B (Set I)

Thin slices of about 0.5 mm thickness are cut from the acellular constructs and placed

on stubs. These are then viewed under a scanning electron microscope to obtain images

at magnifications ranging from 40× to 15000×.

3.7 Determination of Material Parameters From Ex-

perimental Data

The numerical modeling of the biphasic material requires the determination of the un-

known material parameters. This includes the unknown constants in the strain energy

density function for the solid phase constitutive description (see section 2.3.1) and in

the strain-dependent permeability definition for the fluid phase (see section 2.3.2). The

solid phase material constants are derived using the equilibrium data obtained from the

unconfined compression experiments and the permeability coefficients are derived using

the creep data obtained from the confined compression creep experiments as discussed
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earlier. This section describes the detailed procedure used to determine these constants

from experimental data.

3.7.1 Determination of the Solid Phase Material Parameters

Parts A, B and C

It is observed that the equilibrium loading stress-strain data for agarose and its nanocom-

posites as obtained from the unconfined compression tests are highly nonlinear, especially

at high strains. Thus, it is clear that a linear elastic model is not sufficient to define

the solid phase. It is necessary to consider a nonlinear hyperelastic model that fits the

equilibrium loading curve. Also, the lateral deformation data obtained from the optical

measurement suggest that the materials are highly compressible and the Poisson’s ratio

is not constant with respect to axial stretch. This suggests that the conventional in-

compressible or nearly incompressible models are not sufficient to describe the materials

being tested. It is necessary to use a strain energy density function that accommodates

the highly compressible nature of these materials. Obtaining a strain energy density

function that fits the equilibrium strain-strain data and also simultaneously fits the lat-

eral stretch data is a challenging task.

Agarose is modeled as a highly compressible, isotropic, hyperelastic material through

the loading phase. If unloading is considered, a pseudo-elastic model is required for

agarose. This is discussed later in this section for part C. Among the available forms of

compressible hyperelastic strain energy density functions, the Ogden-Hill strain energy

potential is the most suitable for agarose. This form is typically used to model foam-like

or elastomeric materials. This potential is available in the commercial finite element

package, ABAQUS under the name ‘Hyperfoam’. Curve-fitting to obtain the material
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parameters is performed in ABAQUS and the procedure is as described below.

Curve Fitting Using ABAQUS

The strain energy function for the Ogden-Hill material model, as discussed in Chapter

2, is given by

ψs0 =
N∑
i=1

2µi
α2
i

[
λαi

1 + λαi
2 + λαi

3 − 3 +
1

βi

(
J−αiβi − 1

)]
. (3.1)

The goal is to determine the unknown material parameters, µi, αi and βi in order to

completely define the solid phase. The nominal stress, Tj obtained from this definition

of the strain energy function is given by

Tj =
∂ψs0
∂λj

=
2

λj

N∑
i=1

µi
αi

(
λαi
j − J−αiβi

)
(3.2)

For the unconfined compression experiment, if λ1 = λA defines the axial stress, then

λ2 = λ3 is the lateral stretch and the Jacobian is given by J = λAλ
2
2. The axial

component of the nominal stress is, thus, given by

TA =
∂ψs0
∂λA

=
2

λA

N∑
i=1

µi
αi

(
λαi
A − J

−αiβi
)

(3.3)

Data obtained from unconfined compression experiments include nominal stress and

lateral stretch with respect to change in axial stretch. This data is fit to the above

equation using a nonlinear least squares minimization algorithm in ABAQUS that tries

to minimize the relative difference between the experimental stress and analytical stress.

ABAQUS employs the Marquard-Levenberg algorithm in the formulation by Twizell [98]
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to obtain the unknown parameters by an iterative solution scheme [41]. This minimiza-

tion is constrained by certain stability criteria on the strain energy density function as

will be discussed further.

The finite element analysis problem simulates the unconfined compression experiment

in ABAQUS using a single 8 noded axisymmetric continuum element with reduced in-

tegration (CAX8R). The strain energy density function cannot be completely arbitrary

and is subject to certain constraints. Improper definitions of the strain energy function

can lead to material instabilities and numerical problems in the solution of boundary-

value problems [76, 32]. Material instability leads to physically unrealistic stress-strain

curves. For example, compressive stresses may occur for tensile stretches. This generally

occurs for modes of deformation outside the domain in which testing has been done for

parameters’ estimation. One of the constraints imposed on the strain energy density

function is that it is required to be positive. Bilgili [11] provided a detailed discussion of

the methods used to restrict the strain energy density function for hyperelastic models

based on thermodynamical, mechanical and empirical criteria in order to obtain physi-

cally realistic definitions.

ABAQUS performs material stability checks along the primary deformation modes us-

ing the Drucker stability condition [41] which requires that the change in the Kirchhoff

stress dτ due to an infinitesimal change in the logarithmic strain dε satisfies the follow-

ing inequality

dτ : dε > 0 (3.4)

which implies

dε : D : dε > 0 (3.5)
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where D is the tangential material stiffness. Thus, the stability criterion requires that

D should be positive definite.

The axial strain, lateral strain and nominal axial stress are provided to ABAQUS in

a tabulated format and ABAQUS returns the material parameters µi, αi and βi with

the stability information. In addition to the experimental data, the user is required to

specify the value of the parameter N , which can take values from 1 to 6. However, this

order should be selected carefully. The larger the value of N , the higher the oscillations

in the numerical solution scheme and the higher the instabilities in the stress-strain

curves. The lower the value of N , the lower the nonlinearity of the stress-strain curve

and the lower the accuracy of the fit. Typically, when experimental data upto 50% strain

is available, N=2 or 3 is chosen and when data upto 30% strain is available N=1 or 2

is chosen [41].

Part C

In part C, unloading data is available in addition to loading data and the material

is modeled using a pseudo-elasticity model as described in section 2.3.1. The goal is

to determine the parameters µi, αi and βi in the definition of ψs0(λ1, λ2, λ3) as given

in equation (3.1) and the parameters r and m used in the definition of η as given in

equation (2.58).

In order to obtain the parameters µi, αi and βi, we use the equilibrium axial stress-strain

and the equilibrium lateral strain data during the loading phase as discussed earlier.

In order to define η, both the loading and the unloading equilibrium stress-strain data

are required. From equations (2.54) and (2.55), we see that η is a variable scaling factor

65



www.manaraa.com

between the loading and the unloading stresses.

η =
σej
σe0j

=
Tj
T0j

. (3.6)

The experimental values of η are obtained by taking the ratio of the nominal unloading

stresses to the nominal loading stresses. The expression for η given in equation (2.58) is

η = 1− 1

r
tanh

[
ψsmax − ψs0(λ1, λ2, λ3)

m

]
. (3.7)

This is curvefit to the experimental values of η using a nonlinear least squares algorithm

in MATLAB in order to obtain the unknown parameters r and m.

Knowing r and m, the dissipation function φ(η), η and hence the pseudo-energy func-

tion given by equation (2.51) can be completely defined. The nominal loading and the

unloading stresses can be computed from the pseudo-energy function using equation

(2.53).

3.7.2 Determination of the Fluid Phase Permeability Coeffi-

cients

Parts A and C

Having determined the solid phase material properties from the unconfined compression

test data, the next goal is to determine the permeability coefficients from the confined

compression creep test data. The permeability coefficients, k0, κ and M , as defined in

Chapter 2 in equation (2.66), are used to define the fluid phase permeability. These are

obtained by curve-fitting experimental strain-time data to the solution of the governing
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differential equation for the confined compression problem as described below.

Governing Differential Equation for the Confined Compression Problem

In Chapter 2, momentum equations (2.70) and (2.71) are specialized for uniaxial prob-

lems and given by equations (2.75) and (2.78). The governing equation for the boundary

value problem is given by equation (2.82). In the confined compression experiment, the

deformation is strictly one-dimensional. The boundary conditions for this experiment

are as shown in Fig. 3.9, which provides an axisymmetric model of the cylindrical disc.

The bottom surface is free-draining. Hence the pressure is zero on the bottom surface

while flow is restricted on the remaining boundaries. Radial displacement is restricted

at all points. A dead load is suddenly applied on the top surface with a non-porous

indenter. Since there is no flow of fluid across the top surface, using equation (2.77),

u
r
 =0

u
z
 =0, p = 0

r

u
r
 =0

s
z
e =s

0

z

Figure 3.9: Boundary conditions for confined compression experiments.

we get v0 = 0. Hence, the governing equation for the boundary value problem can be
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written as

k

λ

∂σe

∂λ

∂2U

∂Z2
=
∂U

∂t
, 0 ≤ Z ≤ h, t ≥ 0 (3.8)

and is subject to the initial condition,

U(Z, 0) = 0, (3.9)

and the following boundary conditions,

U(0, t) = 0, (3.10)

σe(h, t) = σ0, (3.11)

where, σ0 is the applied load on the top surface. It should be noted that in the governing

differential equation σe is the solid phase elastic stress and can be completely defined once

the solid phase parameters are established from the unconfined compression experiments.

Finite Difference Approximation of the Confined Compression Problem

The governing differential equation (3.8) cannot be solved analytically since it has non-

linear parameters. The coefficient,

H(λ, t) =
k

λ

∂σe

∂λ
, (3.12)

is a function of λ and t, where λ = 1 +
∂U

∂Z
. The permeability is also strain-dependent

as defined by equation (2.66) Hence, a numerical implicit finite difference method is

employed and the equation is solved iteratively.

The Z coordinate is discretized using grid points Zi, where i = 0 to n is the node index
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and the time axis is discretized with grid points tj, where j = 1, 2... is the time index.

Let Uk
i,j = Uk(Zi, tj) denote the finite difference approximation of U(Z, t) at the end of

the kth iteration. Then the finite difference approximation of the governing equation is

given by,

(
Hk
λ+∆λ,j −Hk

λ−∆λ,j

2 (∆λ)

){
Uk+1
i+1,j − 2Uk+1

i,j + Uk+1
i−1,j

(∆h)2

}
=
Uk+1
i,j − Uk

i,j−1

∆t
. (3.13)

Here, ∆h = h/n, where h is the height of the specimen and n+1 is the number of nodes,

such that Zi=0 = 0 and Zi=n = h. The time step is denoted by ∆t = tj− tj−1. The finite

difference approximation is solved using the Thomas algorithm [94] for the tri-diagonal

system of equations until a converged solution for Uk
i,j was obtained.

Optimization Algorithm

The coefficient H includes the permeability k which contains the unknown constants

k0, κ and M for the strain dependent permeability relation given in equation (2.66).

These parameters are determined by using an optimization algorithm that minimizes the

difference between the experimental strain history with respect to time and the numerical

strain history obtained from the solution of the finite difference approximate problem

discussed above. The optimization algorithm used, called the Amoeba algorithm, is

a search method for nonlinear unconstrained optimization, also known as the Nelder-

Mead Simplex algorithm [75]. This method requires only function evaluations, not

derivatives and is efficient for multi-dimensional optimization. The algorithm returns

the values of the fluid phase permeability parameters for minimum difference between

the experimental and the numerical strain data.
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Chapter 4

Results and Discussion

In this chapter, we present the results obtained for the experiments and computational

modeling performed in parts A, B and C. We discuss these results in detail in this chapter

and provide the conclusions and some suggestions for future work in the next chapter.

4.1 Part A: Study of the Effect of CNM Concentra-

tion

4.1.1 Biocompatibility Tests

Fig. 4.1 shows the results for the live-dead staining experiment performed on the cellular

constructs. The tests are performed as described in section 3.4. The cells within the

constructs are arranged in a three-dimensional arrangement. As a result, it is difficult

to focus on them. Also, since the cells do not have a flat substrate for attachment,

they appear rounded and spherical and not spread out as they would when cultured

in monolayer on a dish. The top three pictures show live cells as green dots viewed
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Control 0.2% CNF 2.0% CNF

Live

Dead

Figure 4.1: Cell viability test results showing live (green) and dead (red) cells in the
composites after live/dead staining (Part A).

using a fluorescein filter for 0% (control), 0.2% and 2.0% CNF concentrations. The

bottom three pictures show dead cells as red dots viewed using a propidium filter. We

see that viable cells (green) are observed in the control as well as 0.2% and 2.0% CNF

specimens. Dead cells, as indicated by red dots, are also observed, although in smaller

amounts in the CNF-composites. The intensity of both stains in the 2.0% CNF group

appeared comparatively lower. This is likely due to difficulties of imaging through the

dense CNF.

The cell viability tests prove that cells actually survive in the presence of CNF and the

increase in the concentration of CNF does not have a significant effect on cell viability.

These preliminary tests help us make a qualitative assessment of the biocompatibility of

these nanomaterials. It is important, however, to perform a quantitative analysis of the

biocompatibility in order to qualify their use in tissue engineering scaffolds. This forms

a part of the future work for this research.
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4.1.2 Mechanical Tests

Multi-step Unconfined Compression Tests

The results of the unconfined compression tests are presented in this section. The strain

profile applied to the specimens is as shown in Figure 3.3. The typical load history

data obtained with respect to time is as shown in Fig. 4.2. It is clearly seen that the
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Figure 4.2: Typical load vs. time curve obtained for the unconfined compression tests
(Part A).

biphasic material displays a viscoelastic response in the form of stress relaxation for

the multi-step unconfined compression tests. The viscoelastic response of the biphasic
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material can be attributed to the interactions between the fluid and the solid phases

[54, 7] or to a combination of the interactions and the intrinsic viscoelasticity of the

solid phase [90, 26, 23, 25, 24]. The intrinsic solid phase viscoelasticity is out of the

scope of this research due to the lack of advanced experimental techniques to measure

the solid phase viscoelasticity. Hence, the viscoelastic response is completely attributed

to the interactions between the fluid and the solid phase. The solid phase itself is

assumed to be nonlinearly elastic. The equilibrium values of the stress is computed for

each strain increment from the load history data and is used to produce the stress-strain

data for each specimen. In this study, three specimens of each material (n = 3) are

tested. Figure 4.3 provides the mean values and standard error for equilibrium stress

with respect to the axial strain for the three different materials tested. It is seen that

the errorbar values are pretty low suggesting low variability in a single batch. Thus, n

= 3 is a reasonable choice for number of specimens tested. The stress-strain data for all

three cases is seen to follow the same S-shaped behavior. This is a characteristic feature

of foam-like or elastomeric materials. Initially the stress-strain curve is fairly linear up

to about 10% strain, followed by softening response from 10% to 30% strain which can

be attributed to cell-wall buckling, which in turn is followed by a hardening response

beyond 35% strain due to consolidation of the matrix. Clearly, there is a noticeable

improvement in the mechanical properties due to the addition of CNF. However, from

the graphs it is easy to guess that the enhancement in mechanical properties is not a

linear function of the increase in concentration of CNF in the composite. This will be

verified quantitatively once a numerical model is defined for the solid phase.

Fig. 4.4 provides the mean values and standard error for the Poisson’s ratio versus axial

strain as measured from the photographs taken at each equilibrium step. The Poisson’s
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Figure 4.3: Equilibrium compressive stress vs. axial compressive strain data obtained
from unconfined compression tests for the 0% (control), 0.2% and 2.0% CNF cases (Part
A)

ratio for the three materials is not constant and depends on the axial strain. The value

of the Poisson’s ratio decreases with increase in axial strain. Also, the Poisson’s ratio is

significantly less than 0.5 suggesting that these materials are highly compressible. Thus,

the incompressible or nearly incompressible forms of the strain energy density function

are not suitable for describing such a material. It is also necessary to accommodate for

a Poisson’s ratio that varies with axial strain.
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Figure 4.4: Poisson’s ratio versus axial compressive strain data obtained from unconfined
compression tests for 0% (control), 0.2% and 2.0% CNF cases (Part A).

Confined Compression Creep Tests

The confined compression creep tests are described in section 3.5.2. A sudden dead

load is applied to the top surface of the specimens and the strain at the top surface

is measured with respect to time. Fig. 4.5 shows the curves for one representative

specimen for each of the three CNF concentrations. We see that the strain reaches an

equilibrium value after about 4000 seconds. This kind of creep behavior is typical of

viscoelastic materials. The biphasic material displays such a behavior due to fluid-solid

interaction. The specimen gradually reaches equilibrium as the fluid is allowed to flow

out through the porous filter at the bottom.

The results of these tests are used to model the fluid phase permeability as is discussed

in the next subsection.
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Figure 4.5: Strain history data obtained from confined compression tests for 0% (con-
trol), 0.2% and 2.0% CNF cases (Part A).

4.1.3 Computational Modeling of the Biphasic Composites

The results from the mechanical tests are used to develop a robust computational model

for agarose and its composites with a complete constitutive description of the solid

phase and the strain-dependent permeability. In this subsection, we discuss the solid

phase material parameters for the Ogden-Hill strain energy potential and the fluid phase

permeability constants obtained for the three CNF concentrations from the unconfined

and confined compression tests respectively.
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Solid Phase Material Properties

Several forms of the strain energy function for compressible hyperelastic isotropic ma-

terials were tried for curve-fitting over available experimental equilibrium stress-strain

data from the unconfined compression experiments. The Ogden-Hill potential or the

Hyperfoam model [41] defined in ABAQUS, provided the most satisfactory fit of all

the options tried. The process of obtaining the material parameters for the Ogden-Hill

potential using the equilibrium stress-strain data is described in section 3.7.1. The nom-

inal lateral strain data and nominal equilibrium stress data are supplied to ABAQUS

in order to obtain the unknown material parameters through a optimization algorithm.

The finite element problem for unconfined compression is solved using a single-element

discretization. The value of order N for the Ogden model is decided by trial and error.

It was found that N = 2 provided the best fit with the least root mean square (RMS)

error.

For each CNF concentration, 3 specimens are tested. Material parameters are obtained

for each of the 3 specimens and the mean of the 3 specimens. Fig. 4.6 shows the com-

parison of the experimental data and the finite element model obtained for the three

different CNF concentrations after curve-fitting for N = 2. Only the mean plots are

shown for the three CNF concentrations. We see that the model provides an excellent

fit over experimental data. The RMS error is observed to be within 3% for all specimens

and means and is tabulated in Table 4.1. The results are presented in two formats as

follows.

Mean of the properties (MoP): This is the set comprised of the means of the ma-

terial parameters obtained for each specimen via curve-fitting
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Figure 4.6: Curve-fitting the finite element model over the experimental data for 0%
(control), 0.2% and 2.0% CNF. Dots represent experimental data and solid lines repre-
sent the finite element model predictions (Part A).

Properties of the mean (PoM): This is the set comprised of the material properties

of the mean of the experimental data i.e. a mean data set is created from the

experimental data and this mean data is supplied to the curve-fitting algorithm.

The parameters thus obtained formed the PoM set.

Physically meaningful quantities like the initial shear modulus and the initial bulk mod-

ulus, as defined in equations (2.41) and (2.42), are reported. Table 4.1 provides the

properties of mean (PoM) and the mean of properties (MoP) with their standard devia-
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Table 4.1: Properties of mean and mean of properties along with RMS errors for the
solid phase obtained from curve-fitting (Part A).

Properties of Mean Mean of Properties (Mean±SD)
µ0 (MPa) 0.0028 0.00274 ± 0.00007

Control κ0 (MPa) 0.00259 0.00291 ± 0.00054
(0% CNF) RMS error (%) 2.81 2.76 ± 0.4576

µ0 (MPa) 0.00427 0.00419 ± 0.00015
0.2% CNF κ0 (MPa) 0.00536 0.0054 ± 0.00080

RMS error (%) 1.38 1.743 ± 0.570

µ0 (MPa) 0.00521 0.00512 ± 0.00052
2.0% CNF κ0 (MPa) 0.00753 0.0077 ± 0.00106

RMS error (%) 1.17 2.27 ± 0.455

tions for the three different concentrations of CNF considered. The RMS errors for the

means and the mean RMS errors and their standard deviations are also reported in the

table.

Comparison of the material properties from Table 4.1 is shown graphically in Fig.

4.7 which plots the mean of properties. The initial shear modulus increases by about

53% and 87% with the addition of 0.2% and 2.0% CNF respectively and the initial bulk

modulus increases by about 86% and 165% with the addition of 0.2% and 2.0% CNF

respectively. This is a significant enhancement in the mechanical properties considering

the amount of carbon nanofibers added.

The solid phase can be completely characterized by the material parameters µi, αi and

βi. Once the solid phase is completely defined, the solid phase material properties are

used in the the optimization algorithm to determine the strain-dependent permeability

constants.
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Figure 4.7: Comparison chart for the initial bulk and shear moduli for 0% (control),
0.2% and 2.0% CNF cases (Part A).

Strain-dependent Permeability

The strain history data is used to obtain the fluid phase permeability constants. The

governing differential equations are solved using a finite difference approximation and

the optimization is carried out using the Amoeba algorithm as discussed in section 3.7.2.

Fig. 4.8 shows the comparison of the solution obtained from the finite difference ap-

proximation of the confined compression problem and the experimental data for three

specimens, one from each of the three CNF concentrations. The solid phase material

parameters derived from the unconfined compression experiments are used in this al-

gorithm. We observe that the numerical approximation provides a very good fit over

the experimental data. It is found that in the strain-dependent permeability equation

(2.66), the coefficient

[
Φ0φ

f

(1− Φ0)φs

]
does not significantly affect the dependence of per-
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Figure 4.8: Comparison between the numerical and experimental data for the confined
compression creep tests for 0%, 0.2% and 2.0% CNF cases (Part A).

meability on strain. Hence, we assume κ = 0 and use the optimization algorithm to

determine the other two parameters k0 and M . Table 4.2 provides the mean values

and standard deviations of the two parameters for the three CNF concentrations. It is

observed that the optimization algorithm is highly sensitive to the initial values used

for k0 and M . This can be attributed to the fact that the optimization is highly non-

linear and unconstrained. Thus, these parameters have to be chosen judiciously. It is

found that there are multiple combinations of k0 and M that provide satisfactory fit

to the experimental data i.e. the solution to the optimization algorithm is not unique.

In summary, in part A, we studied the effect of CNF concentration on the mechanical
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Table 4.2: Mean values and standard deviations of the strain dependent permeability
parameters k0 and M (Part A).

k0 (Mean ± SD) M (Mean ± SD)
(m4/Ns)

Control (0% CNF) 1.64E-10 ± 6.45e-11 12.28 ± 1.57

0.2% CNF 7.17E-11 ± 4.74E-11 10.29 ± 1.88

2.0% CNF 1.77E-10 ± 8.25E-11 12.39 ± 1.71

properties and biocompatibility of agarose. We observed that the CNFs enhance the

mechanical properties of agarose in a concentration dependent manner. Biocompatibil-

ity test results indicated that CNF-agarose constructs do not cause any cytotoxicity in

mice chondroctyes. Mechanical testing protocols are established for characterization of

agarose and its nanocomposites as biphasic materials. Computational models developed

for the solid and fluid phase agree well with experimental results.

4.2 Part B: Study of the Effect of CNM Type and

Functionalization

4.2.1 Biocompatibility Tests - Set I

Biocompatibility tests for this set are performed by suspending the CNMs in a dish

in which cells are cultured in monolayer as described in section 3.4. Fig. 4.9 shows

the images obtained of the cells after four days of culture for all CNM cases in this

set. Live cells appear flat and spread out, while dead cells appear small and rounded.
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Control (2% agarose)

0.2% CNF 0.2% CNF-OH 0.2% CNF-OX

0.2% MWCNT 0.2% MWCNT-OH 0.2% MWCNT-OX

Figure 4.9: Cell viability test results for set I showing live and dead cells in the dish.
Live cells appear flat and spread out while dead cells appear rounded (Part B).

Most of the dead cells get washed away during media changes. Thus, the total number

of cells visible in the images are also an indicator of the cell viability in the presence

of the CNMs. We see that the number of living cells in the case of 0.2% CNF-OX,

0.2% MWCNT, 0.2% MWCNT-OH, and 0.2% MWCNT-OX, is very low indicating that

these CNMs adversely affect cell viability. Thus, these tests suggest that these materials

display cytotoxicity with respect to rat MSCs. In the case of Control, 0.2% CNF and

0.2% CNF-OH, sufficient number of live cells are observed in the dish indicating that

these materials do not cause any significant cytotoxicity with respect to rat MSCs.

As discussed in part A, the cell viability tests are preliminary tests that help us make
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only a qualitative assessment of the biocompatibility of the CNMs. Quantitative analysis

is important and forms a part of the future work for this research.

4.2.2 Dispersion Characterization - Set I

The dispersion of the CNMs in agarose is studied using two methods for the nanocom-

posites prepared in this set. These are discussed below.

Dispersion Characterization Using Optical Microscopy

The agarose nanocomposites are observed under an optical microscope and images are

obtained at 400× magnification. Figure 4.10 shows the images obtained for the six

nanocomposites prepared in this set. It is observed that the CNFs, with and without

0.2% CNF 0.2% CNF-OH 0.2% CNF-OX

0.2% MWCNT 0.2% MWCNT-OH 0.2% MWCNT-OX

Figure 4.10: Optical microscopy images (400× magnification) of the nanocomposites in
set I (Part B).

functionalization disperse relatively better than MWCNTs, with and without function-

alization. Among the CNFs, those with OH functionalization disperse the best. This
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has been observed to be directly related to the mechanical properties as will be discussed

in the next section.

Dispersion Characterization Using Scanning Electron Microscopy (SEM)

SEM images are obtained for all six nanocomposites prepared in this set at magnifica-

tions ranging from 40× to 15000×. The images obtained at 5000× magnification are

presented in Fig. 4.11. The SEM images for the CNFs (with and without functional-

0.2% CNF 0.2% CNF-OH 0.2% CNF-OX

0.2% MWCNT 0.2% MWCNT-OH 0.2% MWCNT-OX

Figure 4.11: Scanning Electron Microscope (SEM) images (5000× magnification) of the
nanocomposites in set I (Part B).

ization) show independent CNFs dispersed within the composites. However, in the case

of MWCNTs, the nanotubes appear as agglomerated groups. This indicates that the

quality of dispersion is better in the case of CNFs than MWCNTs. The results from the

SEM images are in agreement with those obtained from the optical microscopy studies.
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4.2.3 Mechanical Tests - Set I

The equilibrium loads from the unconfined compression experiments are used to obtain

the equilibrium nominal stress-strain data for the specimens tested. Fig. 4.12 displays

the mean values and standard errors for the equilibrium nominal stress with respect to

axial strain for the seven materials tested. The standard error is observed to be very low
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Figure 4.12: Compressive axial stress-strain data obtained from unconfined compression
tests for the nanocomposites in set I (Part B).

for all cases suggesting a low variability within the batch. The stress-strain curves show

a typical elastomeric behavior where we have a softening behaviour at higher strains due

to cell wall buckling. We see that all CNMs in this set provide significant enhancement

in the mechanical properties of agarose. CNFs, with and without functionalization,

perform slightly better than the MWCNTs, with and without functionalization. This
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can be attributed to the efficient dispersion of the CNFs compared to the MWCNTs as

seen from the dispersion studies. We could speculate that this could also be due to the

fact that CNFs have an imperfect molecular arrangement and may provide several sites

for bonding with the matrix molecules, resulting in more effective load transfer. Also

among CNFs, those with OH functionalization are observed to provide the maximum

enhancement in the mechanical properties of agarose. This is also in close agreement

with the results of the dispersion characterization.

4.2.4 Biocompatibility Tests - Set II

For this set the biocompatibility experiments are performed using live-dead staining of

the cellular constructs as discussed in section 3.4. Similar to part A, the cells appear

rounded in the three-dimensional arrangement. Hence, it is difficult to focus on them.

Fig. 4.13 shows the results for the live-dead staining experiment performed on the cellu-

lar constructs. The images obtained for the live (green) and dead (red) cells are overlaid

in a single image for each case. We see that the total number of cells, both live and

dead, is greater in the control (2% agarose) case than the ones in which we have carbon

nanomaterials. This is due to problems in imaging through the dense and opaque carbon

nanomaterials as discussed in part A. Agarose, by itself is transparent and allows a clear

view of the cells. WE also see that the number of dead cells is very low for all cases

except 0.2% CNF. Even in the case of 0.2% CNF, there is a higher concentration of live

cells compared to dead cells. Thus, we do not observe any significant toxicity effects

caused by the CNMs in this set.
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Control (2% agarose)

0.2% CNF 0.2% CNF-COOH

0.2% SWCNT 0.2% SWCNT-COOH

Figure 4.13: Cell viability test results showing live (green) and dead (red) cells in the
composites in set II after live/dead staining (Part B).

4.2.5 Dispersion Characterization - Set II

Dispersion Characterization Using Optical Microscopy

From the dispersion characterization studies performed for set I, we found that optical

microscopy is sufficient to perform a comparative assessment of the dispersion of the

CNMs in agarose. Therefore, only optical microscopy studies are performed for the

nanocomposites prepared in this set. Figure 4.14 shows the optical microscopy images
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obtained at 400× magnification for all four nanomaterials prepared. We see that CNFs,

0.2% CNF (5 min) 0.2% CNF-COOH (5 min)

0.2% SWCNT (5 min) 0.2% SWCNT-COOH (5 min)

Figure 4.14: Optical microscopy images (400× magnification) of the nanocomposites
in set II prepared using 5 mintues of sonication before autoclaving and 1 minute of
sonication after autoclaving (Part B).

both untreated as well as COOH functionalized, disperse significantly better than the

SWCNTs, untreated and COOH functionalized. This has been observed to be directly

related to the mechanical properties as will be discussed in the next section.

4.2.6 Mechanical Tests - Set II

Fig. 4.15 displays the mean values and standard errors for the equilibrium nominal stress

with respect to axial strain for the five materials tested. In this set too, a low variability is

observed in the data as seen from the standard errors. There is significant enhancement

in the mechanical stiffness for the CNF, CNF-COOH and SWCNT cases. However,
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SWCNT-COOH actually has a lower initial stiffness compared to the control case. The

CNF and CNF-COOH cases are clearly seen to perform better than the SWCNT and

SWCNT-COOH cases. This can be attributed to the inefficient dispersion of the SWCNT

and SWCNT-COOH in agarose. Our speculation that CNFs provide better load transfer

from the matrix to the nanomaterials due to their imperfect molecular structure and

better bonding is further supported by the results obtained for this set.

Interestingly, although COOH functionalization improves the mechanical properties of

the CNF-agarose composite, it shows quite the opposite effect in the case of SWCNTs.

We hypothesize that this is because COOH functionalization
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Figure 4.15: Compressive axial stress-strain data obtained from unconfined compression
tests for the nanocomposites in set II (Part B).
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4.2.7 Computational Modeling (Solid Phase) - Set II

The Ogden Hill potential or the Hyperfoam model is used to define the solid phase of the

nanocomposites similar to part A. It was observed that N = 1 and N = 2, both provided

good fits for the experimental data. However, the material parameters obtained using

N = 2 did not always satisfy the stability criteria (see section 3.7.1). Considering that

only four data points are available per specimen, this difficulty is expected. Therefore,

N = 1 was chosen as the order for the strain energy potential. The results obtained for

the curvefits are shown in Fig. 4.16. Solid lines show the computational model curve

and the dots show the experimental mean for the stress-strain data. The model provides

very good fits for all materials and the RMS error between the experimental values and

the computational model was found to be less than 4% for all specimens.

Using the material parameters obtained from the curvefits, the initial shear and bulk
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Figure 4.16: Curvefits obtained for the experimental data using the Hyperfoam material
model in ABAQUS. Dots represent mean values from mechanical tests and solid lines
represent the computational models for set II (Part B).
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moduli, defined in equations (2.41) and (2.42) respectively, are computed for all mate-

rials. Fig. 4.17 shows their mean values and standard deviations for all the materials.

The initial shear and bulk moduli show significant improvements for all cases except

SWCNT-COOH, where we actually see a decrease of about a third. The CNF-COOH

case shows the best improvement in the mechanical properties with an improvement in

the initial shear modulus by 310.0% and in the initial bulk modulus by 328.8%.

Figure 4.17: Comparison of initial shear and bulk moduli for the materials for set II
(Part B).

4.2.8 Effect of Sonication Time - Set II

The effective load transfer from the matrix to the nanomaterials is subject to the proper

dispersion of nanomaterials inside the matrix and the bonding between them. In order to

study this, two groups of acellular constructs are prepared with two different sonication

times before autoclaving. The constructs in the first group are sonicated for 1 minute

before autoclaving followed by another 1 minute sonication after autoclaving and the

constructs in the second group are sonicated for 5 minutes before autoclaving and 1
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minute after autoclaving. The constructs from these two groups are compared with

respect to dispersion and mechanical properties.

Effect of Sonication Time on Dispersion

Fig. 4.18 shows the optical microscopy images obtained for the nanocomposites prepared

using 1 minute of sonication before and after autoclaving. This group is compared to that

obtained using 5 minutes of sonication before autoclaving and 1 minute of sonication

after autoclaving, shown in Figure 4.14. The CNF and CNF-COOH composites do

not show significant differences in the dispersion quality between the two groups. The

dispersion is good in both cases. However, comparison of the two groups for SWCNT and

SWCNT-COOH shows significant differences in the dispersion quality, the group with

5 minutes of sonication before autoclaving is relatively effectively dispersed. However,

even with 5 minutes of sonication the dispersion of SWCNT and SWCNT-COOH is still

not as good as CNF and CNF-COOH.

Effect of Sonication Time on Mechanical Properties

Unconfined compression tests are performed on constructs prepared using 1 minute of

sonication before autoclaving and the results are compared with the stress-strain data

obtained earlier for the group with 5 minutes of sonication before autoclaving.

Fig. 4.19 shows the comparison between the equilibrium stress-strain data for CNF

and CNF-COOH composites for the two cases. We see that the mechanical properties

improve, although by small amounts, with the increase in sonication time. This is likely

due to better dispersion and hence better load transfer from the matrix to the nanofibers.

Fig. 4.20 shows the comparison between the equilibrium stress-strain data for SWCNT
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0.2% CNF (1 min) 0.2% CNF-COOH (1 min)

0.2% SWCNT (1 min) 0.2% SWCNT-COOH (1 min)

Figure 4.18: Optical microscopy images of the nanocomposites in set II prepared using
1 minute of sonication before and after autoclaving at 400× magnification (Part B).

and SWCNT-COOH composites for the two different sonication times. Here, however,

that the mechanical properties of SWCNT and SWCNT-COOH worsen with increase

in sonication time. We hypothesize that the very high stiffness of SWCNTs relative to

the matrix material, coupled with the inefficient load transfer from the matrix to the

SWCNTs, causes the SWCNTs to damage the matrix instead of reinforcing it. Better

dispersion leads to more damage of the matrix and worsens the mechanical stiffness of

the composite.

In summary, in part B, different types of CNMs with different kinds of functionalizations

are assessed for biocompatibility, dispersion and mechanical properties. Cell viability

test results suggest that agarose nanocomposites with CNF, CNF-COOH, SWCNT and

SWCNT-COOH display no significant cytotoxicity with respect to rat MSCs. These
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Figure 4.19: Effect of sonication time on the mechanical response of CNF and CNF-
COOH in set II (Part B).

preliminary tests help us make a qualitative assessment of the biocompatibility of these

nanomaterials. It is important, however, to perform a quantitative analysis of the bio-

compatibility in order to qualify their use in tissue engineering scaffolds. This forms a

part of the future work for this research.

Dispersion characterization results obtained using optical microscopy indicate that CNF

and CNF-COOH disperse more effectively in agarose compared to SWCNT and SWCNT-

COOH. Due to their strong intermolecular attraction, SWCNTs tend to agglomerate

resulting in poor dispersion. Stress-strain data obtained from uniaxial compression tests

suggest that CNF and CNF-COOH composites have higher mechanical stiffness relative

to the SWCNT and SWCNT-COOH composites. We speculate that the imperfect molec-

ular structure of CNFs provides several sites for attachment with the matrix molecules
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Figure 4.20: Effect of sonication time on the mechanical response of SWCNT and
SWCNT-COOH in set II (Part B).

resulting in better bonding with the matrix and hence efficient load transfer from the

matrix to the nanomaterials in the case of CNF and CNF-COOH composites. SWCNTs,

on the other hand, do not bond well with the agarose molecules, resulting in inefficient

load transfer from the matrix to the nanomaterials.

Increased sonication time results in better dispersion of the nanomaterials in agarose.

Better dispersion leads to improved mechanical properties in the case of CNF and CNF-

COOH composites. However, in the case of SWCNT and SWCNT-COOH composites,

the mechanical properties depreciate with improved dispersion. This is counterintuitive,

but it supports our earlier speculation that there is inefficient load transfer from the

agarose matrix to the nanomaterials in the case of SWCNT and SWCNT-COOH com-

posites.
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The solid phase of each nanocomposite is modeled as a highly compressible hyperelastic

material using the Ogden-Hill strain energy density function. The computational model

provides a very good fit to experimental data. This is used to extract the initial bulk and

shear moduli for quantitative comparison. It is observed that among the nanomaterials

used, CNF-COOH provides the maximum enhancement in the mechanical properties

when mixed with agarose at the given concentration.

4.3 Part C: Detailed Mechanical Characterization of

Selected CNM Nanocomposite

The CNM type and functionalization that provide the best enhancement of the mechan-

ical properties of agarose without compromising its biocompatibility is chosen based on

the results obtained from the comparison studies performed in part B. In this section,

CNFs with COOH functionalization (from set II) are studied further because they pro-

vide the best enhancement in the mechanical properties and also do not display any

significant cytotoxicity as indicated by the cell viability experiments. We discuss the

results obtained for the detailed mechanical characterization of the nanocomposites pre-

pared using 0.2% (wt. CNM/wt. agarose gel) CNF-COOH along with a control case

prepared with 2.0% (wt./vol. of PBS) agarose only.
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4.3.1 Multistep Unconfined Compression Loading and Unload-

ing Tests

These tests are similar to those performed in part A. However, in this case, loading is

followed by unloading of the specimens as described in Chapter 3. The strain profile

used for these tests is shown in Fig. 3.6. The load history data obtained for these

experiments shows an interesting behavior which is discussed below.

Buoyancy Force Correction

The typical load history data obtained from the loading-unloading experiments is shown

in Fig. 4.21 for one specimen. We see from the plot that the load at the end of the

unloading is not zero as would be expected at zero strain. The load actually has a

significant negative value at the end of unloading. This was investigated further and it

was found that when the unconfined compression experiments are performed, the level

of the fluid in the dish in which the specimen is placed goes down by a considerable

amount due to evaporation of the fluid over the course of the experiment. This results

in a decrease in the buoyant force exerted by the fluid on the indenter. This loss of fluid

is significant since the unconfined compression experiments are carried out over a period

of 20 hours. Thus, it is the buoyant force on the intenter that actually decreases with

time and not the reaction force exerted by the specimen.

There are two possible ways to correct this problem: (a) maintain constant level of fluid

in the dish throughout the unconfined compression experiment; (b) account for the loss

of buoyancy force on the indenter by adding a correction to the measured load. The

first approach is very difficult to implement. It is nearly impossible to prevent loss of

fluid due to evaporation, since the dish cannot be covered. The second approach is not
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Figure 4.21: Load history data for unconfined compression loading and unloading of 0.2%
CNF-COOH nanocomposite. Final load after complete unloading is negative (Part C).

very simple either. It is difficult to measure the loss of fluid continuously throughout

the experiment in order to compute the buoyant force correction. However, we have

developed a method that can approximate the loss of buoyant force through the course

of the experiment and this can be added as a correction to the response load being

measured.

It is known that the value of the load at zero strain should be zero at the end of unloading.

Thus, the negative value of the response load measured at the end of the unloading cycle

can be completely attributed to the loss of buoyant force. Thus, we know the change in

buoyant force at the end of 20 hours. Assuming that the loss of fluid due to evaporation
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Figure 4.22: Corrected load history data for unconfined compression loading and un-
loading of 0.2% CNF-COOH nanocomposite (Part C).

is a linear function of time, and knowing that the buoyant force is a linear function

of the height of fluid above the indenter, we can assume that the buoyant force varies

linearly with time. Thus, if L20 denotes the loss in buoyant force at the end of 20 hours

as shown in Fig. 4.21, then the linear buoyant force correction added to the response

load is given by

BFcorr(t) =
L20

(20) · (3600)
t, 0 ≤ t ≤ (20 · 3600) (4.1)

where t is the time in seconds. This correction is applied to the load versus time data

and the corrected load versus time data is as shown in Fig. 4.22. It can be seen from
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the figure that the buoyant force correction applied shifts the equilibrium loads to the

positive side of the y-axis.

In order to justify the buoyancy force correction applied, separate experiments are per-

formed wherein the indenter is just dipped in the fluid filled dish without any specimen

and the variation of the buoyant force with respect to time is measured as the fluid

evaporates for the same duration (20 hours) as required by the unconfined compression

tests. The time history of the recorded load is as shown in Fig. 4.23. The loss in
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Figure 4.23: Buoyant force measurement with respect to time performed in a separate
experiment (Part C).

the buoyant force at the end of 20 hours, denoted by BF20 in the plot, is found to be

nearly equal to the correction L20 applied to the load history data from the unconfined

compression test. This shows that the negative value of the load obtained at the end of

the unloading cycle can be attributed to the decrease in the buoyant force due to fluid
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evaporation. While the variation of the buoyant force with respect to time is not exactly

linear, it can be approximated by a linear curve without too much loss in accuracy.

Equilibrium Stress-Strain Data for Loading and Unloading

From the corrected loading and unloading history data, the equilibrium stress is ob-

tained for each strain increment (or decrement). Fig. 4.24 provides the mean values

and the standard error for the equilibrium stress with respect to the axial strain for the

control and the 0.2% CNF-COOH case. Solid lines indicate loading and dashed lines
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Figure 4.24: Equilibrium compressive stress vs. axial compressive strain loading and
unloading data obtained from the unconfined compression tests for control and 0.2%
CNF-COOH (Part C).
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indicate unloading. As in parts A and B, the equilibrium stress-strain loading curves

show the characteristic elastomeric behaviour. Three specimens (n = 3) are tested for

the control case and five specimens (n = 5) are tested for the 0.2% CNF-COOH case.

The errorbar values indicate low variability in the data. At the end of the unloading

there is no residual strain in any of the specimens indicating that plastic deformation is

not a concern for agarose and its nanocomposites. The unloading curve, however, follows

a different path than the loading curve. This hysteresis is not time (or rate) dependent

since the stress values considered here are equilibrium values and the stress-strain data

obtained is for a quasi-static deformation.

It is important to note that it is unlikely that this hysteresis is due to the Mullin’s effect.

This is because the specimens are preconditioned up to 50% strain at the beginning of

the experiments. Also, the specimens were reloaded after one loading-unloading cycle

and it was observed that the second loading curve follows the same path as the first

loading curve and not the first unloading curve. Thus, Mullin’s effect is ruled out in this

case.

It is clear that during the loading-unloading cycle, there is some energy dissipation

through recoverable damage. This damage is recovered at the end of the resulting in no

residual strains. It is possible that the biphasic material displays viscoelasticity on a dif-

ferent time scale such that the equilibrium is reached after a very long duration relative

to the relaxation and recovery times used in the unconfined compression experiments.

Due to this the actual equilibrium loads for the solid phase would be different from the

ones obtained in the experiments. With the actual equilibrium loads the loading and

the unloading stress-strain curves would actually coincide.

In order to model the equilibrium stress-strain data obtained from the loading-unloading

103



www.manaraa.com

experiments, we model the material using the pseudo-elasticity theory discussed in Chap-

ter 2. This kind of behavior is also found in particle reinforced rubbers [28]. The

computational modeling is discussed later in section 4.3.3.

4.3.2 Confined Compression Creep Tests

Specimens used for the unconfined compression tests are reused for the confined com-

pression creep tests. This is because we intend to use the constitutive relationships

developed for the solid phase of the individual specimens using the results of the un-

confined compression experiments into the optimization algorithm used for modeling

the permeability. The procedure used for these experiments is exactly identical to that

used in part A and is described in section 3.5.2. The strain history data is obtained by

post-processing the displacement history data. Fig. 4.25 shows the representative strain

history data obtained for the control and the 0.2% CNF-COOH specimens. The control

specimens reach equilibrium at a much faster rate (typically within 200 s) compared to

the CNF-COOH specimens (typically within 2000 s). This intuitively suggests that the

permeability of agarose is higher than that of the CNF-COOH nanocomposite. This is

verified by the model developed for the permeability in the next section. Also, as ex-

pected, the equilibrium strain is higher, although slightly, for the control case compared

to the CNF-COOH nanocomposite since the nanocomposite is stiffer than agarose.
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Figure 4.25: Representative strain history data obtained from confined compression
experiments for (a) a control specimen and (b) a 0.2% CNF-COOH specimen

4.3.3 Computational Modeling of Agarose and the Agarose-

CNF-COOH nanocomposite

The results of the mechanical testing are used to develop a robust computational model

for agarose and the agarose-CNF-COOH nanocomposite with a constitutive description

of the solid phase based on the equilibrium stress-strain data from the unconfined com-

pression tests and a strain-dependent permeability definition for the fluid phase based
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on the strain history data obtained from the confined compression creep tests.

Solid Phase Material Properties

As discussed in part A, the Ogden-Hill potential or the Hyperfoam model [41] defined

in ABAQUS is the most suitable model to describe the loading stress-strain data. The

lateral deformation data is obtained from the photographs of the specimens taken at

each equilibrium point similar to part A. The value of the order N for the Ogden model

chosen is 2. This gives the best fit for all specimens with a very low root mean square

(RMS) error (less than 3%). The pseudo-elastic model is used to describe the unloading

data and the procedure for obtaining the material parameters is described in section

3.7.1.

Figure 4.26 shows the comparisons of the mean values of the experimental data and the

finite element model for the control case and the CNF-COOH nanocomposite. The dots

represent mean values of equilibrium stresses obtained from experiments and solid lines

represent the finite element model predictions. Clearly, the model provides an excellent

fit over the loading data.

Table 4.3 tabulates the material parameters µi, αi and βi obtained for the mean exper-

imental data. ABAQUS provides material stability information in addition to material

parameters. The material models for all specimens are found to be stable at least within

the mode of the deformation for which it is tested (uniaxial compression). Using the ma-

terial model parameters µi, αi and βi, the initial shear and bulk moduli are determined

as given by equations (2.41) and (2.42). These are reported in Table 4.4. The mean of

the properties with standard deviations and the properties of mean (as discussed in part
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Figure 4.26: Curve-fitting the pseudo-elastic material model over equilibrium compres-
sive stress versus axial compressive strain loading-unloading data obtained from the
unconfined compression tests for control and 0.2% CNF-COOH (Part C).

Table 4.3: Material parameters µi, αi and βi obtained for the mean data (PoM) for the
solid phase from curve-fitting (part C).

i µi αi βi

Control 1 2.21E-03 7.26 2.82E-02
(0% CNF-COOH) 2 -1.33E-04 3.25 -3.01E+00

0.2% CNF-COOH 1 4.77E-03 7.19 8.47E-03
2 -3.40E-04 3.71 -3.14E+00
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Table 4.4: Properties of mean and mean of properties for the solid phase obtained from
curve-fitting (Part C).

Properties of Mean Mean of Properties (Mean±SD)

Control µ0 (MPa) 2.08E-03 2.05E-03 ± 5.03E-04
(0% CNF- κ0 (MPa) 2.31E-03 2.44E-03 ± 6.71E-04
COOH)

r 2.79E-03 5.38E-03± 2.07E-03
m (MPa) 3.69E-01 2.87E-01 ± 1.14E-01

0.2% CNF- µ0 (MPa) 4.43E-03 (112.98% ↑ ) 4.45E-03 ± 1.62E-04
COOH κ0 (MPa) 5.17E-03 (123.81% ↑ ) 5.26E-03 ± 3.96E-04

r 4.05E-03 4.78E-03 ± 8.45E-04
m (MPa) 5.95E-01 5.80E-01 ± 9.72E-02

A) are tabulated. The unloading data is used to find the parameters r and m in the

definition of η given in equation (2.58) using the procedure described in section 3.7.1.

Table 4.4 reports the values obtained for these parameters as properties of mean and

mean of properties with standard deviations.

Strain-Dependent Permeability

The strain history data obtained from the confined compression experiments is used to

obtain the fluid phase permeability constants. The governing differential equations are

solved using a finite difference approximation and the optimization is carried out using

the Amoeba algorithm similar to part A. Fig. 4.27 provides the comparison between the

solution obtained from the finite difference approximation and the experimental data for

the control case and the 0.2% CNF-COOH case. The experimental data is shown using

dots and the numerical model is shown using a solid line. Clearly, the numerical model
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Table 4.5: Mean values and standard deviations of the strain dependent permeability
parameters k0 and M (Part C).

k0 (Mean ± SD) M (Mean ± SD)
(m4/Ns)

Control (0% CNF-COOH) 4.39E-10 ± 1.89E-10 4.587 ± 1.744

0.2% CNF-COOH 5.50E-10 ± 2.52E-10 11.254 ± 1.116

provides a very good fit over the experimental data.

As in part A, the parameter κ is set to zero and the other two paramters k0 and M

(see equation (2.66) are determined using the optimization algorithm. The optimization

problem is highly nonlinear and unconstrained, and the solution is highly sensitive to

the initial values provided for the permeability parameters k0 and M , and non-unique.

Table 4.5 provides the mean values and standard deviations for the parameters k0 and

M for both materials tested. Using these mean values, the permeability of the materials

is completely defined. Figure 4.28 shows plots of the permeabilities of both materials

with respect to compressive strain up to a strain of 99% in confined compression for the

mean parameters in table 4.5. At higher strains, agarose has a higher permeability com-

pared to the CNF-COOH nanocomposite. For example, at 90% strain, the permeability

of agarose is 5.57E-11 m4/Ns, while that of the CNF-COOH nanocomposite is 3.48E-12

m4/Ns. Thus, there is an order of magnitude difference in the permeabilities at higher

strains. This explains why the time taken by the control specimens to attain equilibrium

is a small fraction of the time taken by the CNF-COOH nanocomposite specimens to

reach equilibrium in confined compression.

In summary, in part C, a protocol is developed for the detailed mechanical testing of the
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agarose-CNF-COOH composite in the form of multi-step loading and unloading uncon-

fined compression tests and confined compression creep tests. Constitutive descriptions

are obtained for the solid phase based on the pseudo-elasticity theory and the fluid phase

in the form of strain-dependent permeability. The models developed match very closely

with the experimental results.
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Figure 4.27: Comparisons between the numerical model and experimental strain history
data for the confined compression experiments for (a) a representative control specimen
and (b) a representative 0.2% CNF-COOH specimen (Part C).
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Figure 4.28: Permeability versus strain for the control and the 0.2% CNF-COOH case
using the mean parameters from Table 4.5 (Part C).
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Chapter 5

Conclusions and Future Work

In this chapter, we provide some concluding remarks based on the results obtained

and the discussions in Chapter 4. We also provide suggestions for future work for this

research.

5.1 Conclusions

As stated in section 1.3, this research has two broad aspects. The first deals with

application of nanotechnology to tissue engineering in order to develop better scaffold

materials and the second focuses on the mechanical characterization and computational

modeling of soft porous biomaterials and their composites as biphasic materials. The

specific research objectives were laid down for these two aspects in section 1.3.

The first research objective in the context of assessing the application of agarose and

its nanocomposites as tissue engineering scaffolds, was to determine the effect of CNM

concentration on the mechanical properties and biocompatibility of agarose. This study

is performed in part A using carbon nanofibers (CNFs) supplied by the Nanoworld and
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Smart Materials and Devices Laboratory at the University of Cincinnati. We find that

the addition of CNFs enhances the mechanical properties of agarose in a concentration-

dependent manner. Preliminary biocompatibility (cell viability) tests also show that

these materials do not display any significant cytotoxicity to mice chondrocytes. It is

important, however, to validate this finding through quantitative analysis techniques to

assess the biocompatibility.

The second research objective in the context of assessing the application of agarose and

its nanocomposites as tissue engineering scaffolds, was to determine the type and func-

tionalization of CNM that most improves the mechanical integrity of agarose without

adversely affecting its biocompatibility. This is addressed in the study in part B. Dif-

ferent types of CNMs with various functionalizations are obtained from two sources.

Agarose nanocomposites prepared with these nanomaterials are subjected to biocom-

patibility testing, dispersion characterization and mechanical testing. Our results show

that, in general, CNFs (untreated and functionalized) disperse more effectively com-

pared to SWCNTs and MWCNTs (both untreated and functionalized). CNFs also

provide better enhancement in the mechanical properties of agarose. We speculate that

due to the imperfect molecular structure of CNFs, they provide several sites for bonding

with the matrix molecules, resulting in better load transfer and stronger reinforcement

of the matrix material. Again our preliminary biocompatibility tests show that CNFs

and SWCNTs (untreated and COOH functionalized) do not cause any significant cyto-

toxicity to rat MSCs.

A major conclusion from the study in part B is that CNF-COOH provides the most

mechanical enhancement in the mechanical properties of agarose without compromising

its biocompatibility. This CNM is used for more detailed mechanical characterization
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and computational modeling in part C.

The third research objective was to develop a standard method for the mechanical char-

acterization of agarose and its nanocomposites. This study is performed in parts A, B

and C. Agarose and its nanocomposites are modeled as biphasic materials. It is neces-

sary to model both the solid phase and fluid phase to accurately predict the combined

behavior of the two phases. Multi-step unconfined compression stress-relaxation tests

are designed in order to model the solid phase from the equilibrium response of the

biphasic material and single step confined compression creep tests are designed in order

to use the transient data to model the fluid phase permeability. The mechanical testing

protocols developed in part C can be used for developing robust numerical description

of both phases of the biphasic materials.

The fourth and the last research objective was the develop a macro-scale material model

for agarose and its nanocomposites based on the nonlinear biphasic theory. Using the

mechanical testing protocols developed for the complete material characterization of

agarose and its nanocomposites as biphasic materials, phenomenological constitutive

models are obtained for the solid phase and the fluid phase permeability. A pseudo-

elastic model coupled with a compressible hyperelastic definition for the loading phase

is used for the solid phase constitutive description and a strain-dependent permeability

is used for the fluid phase according to the nonlinear biphasic theory. The macro-scale

biphasic material models developed here for agarose and its nanocomposites agree very

closely with the experimental results.

The major accomplishments for this research are as follows.

• Novel biomaterials in the form of carbon nanomaterial (CNM) based composites

of agarose are developed for use in tissue engineering scaffolds.
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• The effect of important parameters, such as, the concentration of the CNMs, the

type of the CNMs and the functionalization of the CNMs on the mechanical prop-

erties and the biocompatibility of the nanocomposites of agarose is established

through a series of experiments. The following are the specific accomplishments

in this part of the study

– The effect of CNF concentration on the mechanical properties of agarose is

assessed through rigourous mechanical testing and computational modeling.

It is found that the addition of CNFs improves the mechanical strength of

agarose in a concentration dependent manner.

– The effect of CNF concentration on the biocompatibility of agarose is assessed

through cell viability tests and no significant cytotoxicity is observed.

– The effect of CNM type and functionalization on the mechanical properties is

studied through mechanical testing and computational modeling using various

types of CNMs (such as CNFs, SWCNTs and MWCNTs) from two different

sources.

– Comparison studies are also performed to assess the effect to CNM type

and functionalization on the biocompatibility of the agarose-CNM nanocom-

posties based on cell viability studies

– The quantitative comparison is successfully used to identify the CNM type

and functionalization that give the best enhancement in mechanical properties

of agarose without compromising its biocompatibility. The biomaterial and

type is identified as CNF with COOH functionalization.

• Mechanical testing protocols are developed for robust computational modeling of
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the biomaterials as biphasic materials. Mechanical tests are designed such that

the results can be used to develop constitutive equations for the fluid and the solid

phase. Multi-step unconfined compression stress-relaxation tests are used to model

the solid phase constitutive equations and single-step confined compression creep

tests are used to model the fluid phase permeability.

• Using the mechanical test data, computational models are developed based on

the biphasic theory for agarose and its nanocomposites. A pseudo-elastic model

is developed for modeling the solid phase in loading and unloading and a strain-

dependent permeability is used for the fluid phase constitutive description. The

computational model fits very closely on the experimental data.

5.2 Future Work

The following is a list of suggestions for future work for this research.

• Quantitative analysis methods need to be performed in order to better assess the

biocompatibility of the nanocomposites. It is also essential to test cell migra-

tion, proliferation and differentiation in these materials for effective use of these

nanomaterials as tissue engineering scaffolds.

• The dispersion of the nanomaterials in the agarose matrix can also be assessed

quantitatively using techniques such as small angle light scattering (SALS) or

small angle X-ray scattering (SAXS)

• Although, carbon nanomaterials are promising reinforcements for tissue engineer-

ing scaffolds, their non-biodegradability is an issue. Therefore, these materials can
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only be used in small concentrations in specific tissues. The use of other biodegrad-

able nanomaterials as reinforcements for bio-scaffolds needs to be investigated.

• The use of CNMs as reinforcements can be investigated for biomaterials other than

agarose.

• The pseudo-elasticity model developed in this research can be made validated for

longer mechanical tests with repeated loading and unloading cycles.

• Ultrafiltration experiments can be performed for direct measurement of the strain-

dependent permeability of the biphasic materials.
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