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ABSTRACT

A micromechanics computational algorithm for fibrous composites including fiber,
matrix and interface is introduced to study the impact of interface on composite behavior.
The domains are modeled by finite elements with the interface simulated by cohesive zone
elements. The constitutive of the cohesive zone behavior is extracted from the experimental
traction-separation relations. By implementing this model under different loading
conditions, significant difference in the composite behavior is observed with different
cohesive zone laws and different fiber waviness. The composite strength and stiffness for
the examined cases are compared to experimental data and are in good agreement.

The procedure is then extended to study the impact of adhesion on brain axonal
injury. The constituents of the brain tissue are modeled as linear viscoelastic materials.
This micromechanical model has been implemented to study the impact of adhesion and

waviness on the stiffness and viscous behavior of brain tissue with respect to time.
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CHAPTER 1. INTRODUCTION TO ADHESION IN
COMPOSITES, BIOMATERIALS, AND RESEARCH

OBJECTIVE

1.1  Adhesion in Composites

The fiber-matrix interface plays an important role in defining key properties of
the composite materials such as stiffness, strength and fracture behavior [1]. In general
the global mechanical properties of the material are affected by local failures that include
particle (or fiber) splitting, interfacial debonding and matrix cracking [2]. The adhesion
behavior alters with different combination of materials and thereby directly impacts the
load transfer behavior between matrix and fiber. The interface between non-reactive
polymers considers numerous factors. Elastomers and thermoplastics have different
interface mechanisms. The interface between polymers is controlled by the entanglement
between the two materials. If the materials are essentially insoluble in each other the
interface between them will be narrow. The expected interface will be lower than in the
situations where the materials have broad interface resulting in stronger bonding. In some
cases such interface properties can be increased greatly by fiber sizing techniques [3].

Adhesion test is mainly based on the fracture mechanics tests and crack
propagation concepts. Pull out test is a widely known method for measuring the adhesion
[2]. In fracture mechanics tests, especially for the fiber reinforced composites two
important modes are characterized; crack opening mode and shear mode. In modeling,
interfacial properties have been evaluated in a number of different ways. By assuming a

continuous region with its material properties distinct from the matrix and fiber has been
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a general approach to model the interaction. However, evaluation of the material
properties of this domain is very difficult considering the geometry and scale [4]. The
effects of damage due to interfacial decohesion on overall mechanical properties of the
composite material have been studied by various authors [5,6]. A number of numerical
models have been proposed and developed over the years to simulate interfacial behavior
in composite microstructures. One such method to simulate interfacial behavior is the
cohesive zone model, where the interfaces are assumed to be comprised of nonlinear
springs of negligible thickness with a specific traction-displacement law. The  approach
was introduced to analyze interface failure at metal-ceramic interfaces by Needleman [7,
8] and has been used by several researchers including Tvergaard [9], Ghosh et al.[10],
Allen et. al.[11, 12], Lissenden et. al.[13], Geubelle [14] and Ortiz et al.[15, 16], to study
the damage evolution in micromechanical problems. Tvergaard [9] and Ghosh et. al. [10]
have used the cohesive zone model to simulate interface fracture in two dimensional
problems, while Ortiz and Pandolfi [16], Scheider [17], Segurado and LLorca [18] and
Foulk et. al.[11] have applied it to model failure in 3D problems. In their work, Ortiz and
Pandolfi [16] have developed 3D cohesive elements with irreversible cohesive laws to
simulate dynamically growing cracks and compared it with experimental results for a
drop-weight dynamic fracture test. Scheider [17] has described the numerical aspects of
the implementation of the cohesive model, based on the traction-separation laws
developed by Needleman [7, 8]. Segurado and LLorca et.al [18] have implemented the
cohesive zone model to solve the problem of decohesion in sphere-reinforced composites
and Foulk et.al.[11] have implemented the model to study the matrix cracking and

interfacial debonding in a unidirectional metal matrix composite using a simplified
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representative volume element (RVE). Ananth and Chandra [19] have used a spring layer
model in their numerical analysis and they have found the stress and debonding criterion
as well as friction in relative sliding between fiber and matrix. In their method the
approach has been to model the push-out test as interfacial effect by representing the
interface region with a set of springs. Although this might be far from the real framework
of continuum interface property in many situations, it can be looked as a simplified
solution for numerical implementation. In all these models, special cohesive interface
elements, defined by a constitutive equation, are created between the continuum
elements. The cohesive elements open with damage initiation and lose their stiffness at
failure so that the continuum elements are disconnected. Cohesive elements have been
made of two quadrilateral surfaces connecting brick elements [17] or have been comprise
of two triangular surfaces connecting tetrahedral elements [16, 18]. These works
primarily discuss the finite element aspects of the implementation of the cohesive zone
for 3D microstructures (RVE) to simulate interfacial debonding and validate it for
specified boundary value problems. There has been limited work done in literature to
address the effect of interface on the modeling procedure of material characterization of
fiber reinforced composites. Analytical approaches to implement cohesive zone are been
carried out by some other researchers [20].

In actual composite microstructures, the fibers are not perfectly bonded with the
surrounding matrix and defects such as undulation of fibers that occur during the
fabrication process have adverse influence on the rate of degradation of stiffness and
compressive strength of the fiber reinforced composite. In composite microstructures, the

fiber-matrix interface is developed because of the chemical reactions between the two
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continuum materials. Micromechanical modeling of the composite is a suitable and
useful tool to study the impact of interface on mechanical property of composites for
different load cases and combinations of materials and geometries [21]. In this study, a
micromechanical modeling procedure in conjunction with traction-separation based
cohesive zone which acts as fiber-matrix interface is proposed for straight and wavy
fibers. The cohesive element uses the constitutive equation as defined by the bilinear
model [15, 16] for representing the interface. It has been observed that cohesive zone has
a dominant role in the degradation of material property in transverse, compression and
shear loading perpendicular to fiber direction. The stiffness change of the composites as a
function of the stress distribution in the composite versus the applied strain is reported for
two different unit cell geometries.
1.2 Adhesion in Biomaterials

The study of Axon-ECM adhesions are dominant for brain functions such as
memory and learning [22-24]. Biologically, brain matter consists of a base matrix
(neurons and extracellular components: gray matter) crossed by a network of neural tracts
(or axonal fibers) in the so-called white matter. The nervous brain tissue consists of three
components: an outer implantable sheath forming a conduit, an extracellular matrix
within the lumen, and living stretch grown axons embedded within the extracellular
matrix. The white matter, one of the key areas of central nervous system (CNS), is
composed of myelinated axons, the supporting glia cell network and the innervating
vascular system. The formation of nervous system at the early stages is by the elongation
of neural axons to establish and maintain connections through the formation of axon-

axon and axon-ecm adhesions.



Considerable efforts have been made from past two decades to understand the
impact of cell adhesion in different biological processes. [25-27].The cell fate is highly
dependent on the cell adhesion because of the signaling behavior between the
surrounding environment and the cell [28]. Adhesion of cell to the surface occurs because
of distinct interactions between receptor and ligand molecules on the cell membrane and
the substrate respectively which makes cell adhesion a complicated dynamic biological
process. The structure between the actin and ECM are considered to be the area of
strongest adhesion known as Focal Adhesions (FA) [29] which are formed by the rapid
association of receptors with cytoskeleton. The important process in the growth of FAs is
the clustering of receptors which results in a non uniform adhesive zone [30, 31]. Several
theoretical models have been implemented to better understand the biophysics of
adhesion in cells [32-35]. A 1-D peeling model has been developed by Evans (19853, b)
to study the mechanics in cell adhesion by assuming adhesive zone to be discretely or
continuously distributed [36, 37]. In a continuous distribution, the force required to
separate the membrane is equal to the force generated by adhesion but for discrete
attachments, it was observed that the force for separation is much larger than the force
produced during attachment process. The affect of cell-ecm strength because of
clustering in receptors was studied by Ward and Hammer (1993) [38] and they have
predicted that the formation of FAs increases the adhesive strength. Ward et al. (1994)
evaluated the rate of separation of a surface by using Dembo et al. (1988) method and
concluded that detachment was a factor of the bond density of receptor, but the
mechanical and chemical characteristics of receptor—ligand bindings can impact the

strength of cell adhesion [39, 40].



During the initial studies, cell adhesion was considered as linear elastic springs,
with a defined elasticity though the mechanical response of the bindings is usually not
linear. Also, the detachment of the bindings is based on the changes of ligand and
receptor [41-43] which makes the linear behavior as a simple assumption to analyze the
complex deformation of the bonds between cytoskeleton and cell membrane. The force-
extension relationship of adhesion is highly nonlinear as per numerical and experimental
studies, specifically at the threshold level of the bond [44, 45]. Hence, it is very important
to study if the nonlinearity of the force-extension of the bindings will affect the behavior
of adhesion in cell. It has been analyzed in recent research that the nonlinear response of
bonds at micron and nano level can highly affect the fracture/adhesive strength in
material with two contact surfaces [46-51]. Due to limited studies on the non-linear
behavior of the receptor-ligand bindings, it has become significant to understand the
biological and mechanical response in cell adhesion. A nonlinear one-dimensional
peeling model was introduced by Kong et al. 2007 and the impact of nonlinear response
of bindings on the adhesive behavior was analyzed with three types of bindings [52]. In
their study, they found that the growth of adhesive strength is highly dependent on the
nonlinear force-extension behavior of bonds and especially at the outer border of the
adhesion region. The cell adhesion strength is not sensitive with changing bond density.
In their study, it has been assumed that adhesive stresses act perpendicular to the surface.
The surface is divided into free zone (no adhesive stresses) and adhesive zone (with
attractive stresses). The surface mechanics for all zones needs to be analyzed separately
and then at the interface of the two zones requires continuity of the solutions. In a linear

behavior, the cell detaching process initiates when the pressure at the outer edge of the
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cell crosses the threshold resulting in the detachment of substrate from the cell [36, 38,
39, 53]. But in the nonlinear model, adhesion continuously resists until the maximum
bond force is exceeded with a new criteria for cell detachment. Ward et al., 1994 has also
implemented a similar model as of Kong et al., 2007 to understand the kinetics of cell
detachment. In their study, clustering of cell surface receptors is an important process for
the growth of focal contacts, specialized cell-substrate attachment sites where receptors
are simultaneously linked to extracellular ligand and cytoskeletal proteins. In fact, there
was a quantitative match between the models used in Ward et al., 1994 and data on the
strengthening response of glioma cell adhesion to fibronectin in Lotz et al., 1989. In Lotz
et al., 1989, a centrifugal force-based adhesion assay was used for the adhesive strength
measurements and the corresponding morphology was visualized by interference
reflection microscopy and the cell-substratum adhesion has been quantified using
fibroblasts and glioma cells binding to two extracellular matrix proteins, fibronectin and
tenascin which are mostly the proteins, integrins and neuron cells found in brain tissue
[54, 55].

The injuries related to axons in the white matter have a major contribution to
brain in central nervous system (CNS). Diffuse Axonal Injury is a depredating type of
injury in brain which is characterized by damage of axons and adhesion molecules at
microscopic level within the brain white matter, rostral brainstem and corpus callosum.
In depth knowledge of Axon-ECM adhesion and Cell-Cell adhesion in brain is required
to understand the response for different mechanical loadings. In this work, a
micromechanics computational algorithm for brain tissue including Axon, ECM and

adhesion has been introduced.



1.3 Research Objective

The objective of this research work will be a major effort to understand and develop
appropriate micromechanical model to study the effect of adhesion in composite and brain
tissue. In this thesis, we will develop a micromechanical model by incorporating cohesive
zone in a representative volume element which will exhibit the adhesion behavior in
composites and brain white matter at microscale level. This method will be first applied to
study the effect of adhesion on material response of the composite materials. This analysis
will be implemented with two different composite materials ie., Glass-Epoxy and Carbon-
Epoxy. The developed repetitive unit cell will be subjected to all possible loading scenarios
in which adhesion has a significant impact on the overall material response of the
composite. The volume averaged stresses and strains will be captured to calculate the
overall material response on the composite in all directions. The calculated results will be
then compared with the available literature data to check the level of accuracy for the
developed cohesive zone micromechanical model. Two different traction separation
models including bilinear and exponential cohesive zone laws will be used to define the
behavior of adhesion and the mechanical behavior of the composite will be calculated to
study the effect of traction separation model. The principles of micromechanics are also
being implemented in biomechanics with huge success. A huge similarity can be found
between the brain white matter and a conventional composite material considering the
fibrous structure of axons. As brain white matter shows a composite distribution of axons
and extracellular matrix, micromechanical unit cells with cohesive zone will be used to
analyze the effect of adhesion on the mechanical behavior of brain tissue. In this study we

will study the effect of adhesion using hexagonal packing of the representative unit cell as



studies have indicated that regions of brain white matter have a similar packing of axons in
ecm. In this study, the impact of adhesion on load transfer characteristics in fiber and
matrix will be determined. The impact of cohesive zone models on the material response of
composites will be studied in order to verify the appropriate traction separation data. The
finite element analysis will be continued to understand the effect of waviness with constant
adhesion on the viscous behavior and stiffness of the overall brain tissue. Also, the effect of
varying adhesion with constant waviness will be evaluated to understand the material

response in different regions of brain.



CHAPTER 2. DEVELOPMENTS IN

MICROMECHANICS OF ADHESION MODELING

Micromechanics is accounting for the impact of microstructure properties and
behavior on the global behavior of composites. The overall behavior of composite
materials can be predicted by the micromechanical methods that have been developed till
date. By using energy variation principles, the upper and lower levels of elastic moduli
are calculated [56]. A micromechanical theory was developed by Aboudi [57] to
calculate the overall material response of composites based on periodic unit cells. Aboudi
applied homogeneous boundary conditions to the periodic unit cell models by applying
normal tractions on the boundaries. The assumption of plane-remains-plane over-
constrains the boundary conditions for the case of shear loading [58] and thereby cannot
be considered as periodic boundary conditions. In major research studies, applied
boundary conditions were considered as periodic, which is in fact wrong even if results
were close to the experimental data. The mechanical behavior of a RUC in a continuum
domain should be calculated using the periodicity constraints. The result can be validated
if the adjoining unit cells are deformed in the similar fashion as of the RUC analyzed. In
order to evaluate damage behavior and mechanical characteristics in composites,
periodicity has been assumed by several researchers who have implemented finite
elements analysis of the so-called periodic unit cells by using elastic and thermoelastic
material properties [59, 60]. Brinson and Lin [61] and Fisher and Brinson [62] have
implemented micromechanical analysis of periodic structures and compared the results

with the Mori-Tanaka method.
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The principles of micromechanics are also being implemented in biomechanics
with huge success. The methods from composite field are being transmitted into bio-
mechanics which has lead to a major development in studies related to brain injuries. A
huge similarity can be found between the brain white matter and a conventional
composite material considering the fibrous structure of axons. As brain white matter
shows a composite distribution of axons and extracellular matrix, micromechanical unit
cells can be used to analyze the behavior. Arbogast and Margulies (1999) have observed
that axonal distribution within brainstem is highly oriented which can be modeled as
unidirectional composites. Axon undulations are observed in different areas of brain
which includes white matter and corona radiata. The effect of undulation on the material
response can also be evaluated by using the discussed method. Although researchers in
biomechanics utilize micromechanics principles to characterize the biological materials,
they are limited to simple formulations. Arbogast and Margulies (1999) have utilized
Hashin models to calculate the property of the brain white matter. Implementation of
finite element analysis techniques can benefit the accuracy of such solutions [63]. The
macroscopic behavior of brain tissue can be determined with such axonal microstructure
to predict the injury tolerance by calculating the stress-strains experienced by individual.
The characterization of mechanical property of brain tissue has been attempted with the

conventional models but has failed to provide the local stress-strain distribution.

11



CHAPTER 3. DEVELOPMENT AND MODELING OF A

PERIODIC UNIT CELL FOR MICROMECHANICAL

ANALYSIS WITH ADHESION

In the proposed study, we implement a finite element micromechanical method to
evaluate adhesion effect on the degradation of mechanical behavior of the composite and
also to determine the load transfer characteristics in fiber and matrix. The RUC is a
representative unit cell of the composite, which will be subjected to three load cases. The
three load scenarios are assorted by two axial loadings and one transverse shear loading
perpendicular to fiber direction. These load scenarios are considered as the most common
loading cases to determine the impact of adhesion on the degradation of stiffness of the
composite. Periodic conditions with required physical constraints to prevent rigid body
movements are implemented on the unit cell. Also, this approach is extended to evaluate
the effect of different adhesions on the viscoelastic material behavior of the brain
composite model and also to determine the load transfer characteristics in Axon and ECM

with three different adhesion behaviors.
3.1  Composite Materials with Undulated Fiber

In fabrication of laminated composites, errors such as the undulation of fibers
might occur in filament winding processes which might impact different mechanical
properties of the laminate structures (Fig. 1(b)). Therefore assumption of composites with
perfectly aligned straight fibers can be ideal. The waviness of fiber in composites
produced during the manufacturing process will result in adverse effect on the

compressive strength [59]. Analytical and numerical schemes have also been introduced
12



to study the impact of waviness [21]. The fiber waviness factor has also been measured
by experimental procedures [64]. The effect of fiber undulation on mechanical behavior
of unidirectional composites under compression has been analyzed by Hsiao and Daniel
[65]. Generally waviness is developed because of the geometrical nonuniformity and thus
increases material non uniformity in the composite. Such non uniformity in-turn
increases the complexities in the structural analysis of composites. The proposed
micromechanics method is implemented for a RUC of the fibrous composite with
different fiber waviness. Also, the periodic local stresses which are not included in the

current structural analysis methods are examined to study the lamina failure.

——— Fiber

——  Matrix

Periodic Unit Cells

(a) (b)

Figure 1. (a) Schematic representation of hexagonal periodic distribution of fibers in an
epoxy matrix with a periodic microstructure (d=fiber diameter, w=width of unit cell, h:
height of the unit cell= V3 w); (b) Schematic representation of hexagonal wavy fiber
distribution (Sinusoidal curve with amplitude, A; Peak to peak distance, 2A; and
wavelength, 1).
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3.2 Unit Cell Geometry

The micromechanical models for fiber and matrix are developed based on the
assumption of hexagonal fiber packing (Fig. 1and 2) to simulate finite element analysis.
The models are created for both straight as well as wavy fibers. The Figs. 1 (a) and (b)
show the periodic microstructure of both straight as well as wavy models. In composites,
the circular cross sectioned fibers are distributed periodically and are defined by a
rectangular unit cell with symmetry lines (Fig. 2). In wavy fibers, the symmetric lines
should extrude in the third dimension in order to follow the fiber curvature for a complete
periodic unit cell with the initial waviness as sinusoidal. The parameters of the unit cell
geometry will include the cross-sectional width (w), the fiber diameter (d), the
wavelength L and the amplitude A, where the peak-to-peak amplitude of a sine wave is
equal to 2A. The wavy model for composites implemented in this study is of
amplitude/wavelength (A/L) of 0.085, 0.121 and 0.179 and for brain material the wavy
model implemented is of amplitude/wavelength (A/L) of 1.0684, 1.1310 and 1.1947. The
wavy unit cell is subjected to four different load cases under kinematic boundary
conditions for both composite materials and brain material in order to evaluate the effect
of interface on the waviness, the degradation of material property of the composite
material and on the viscoelastic nature of the brain material. The pairs of nodes on
opposite faces of the unit cell are applied with periodic and translational restraints to
prevent any rigid body movements. The applied constraints are considered as kinematic

boundary conditions that are applied on the unit cell.
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Figure 2. Schematic representation of the adhesion between axon and ECM in brain
tissue using the cohesive zone element with traction separation response as adhesion.
3.3 Interface Thickness for Adhesion Modeling

The interface refers to an inhomogeneous region between fiber and matrix with in
a composite material (Figure 2). Interface areas may be developed due to air gaps
(bubbles), mechanical disorder and other inconsistencies [66]. The interface in
composites is also resulted due to fiber sizing techniques for special mechanical
properties to optimize the performance of composited. A comparitvely small volume

fraction of interface may have a phenomenal role in evaluating the overall mechanical

15



behavior of the composite. The challenge in developing a interface model is the
evaluation of the size and mechanical behavior of the adhesion area. There are several
works still going on to better estimate these properties. In the past, the thickness of a
polymer matrix composite interface was estimated to be 30nm-240nm [67] and has been
accounted in an experiment using the scanning force microscopy [68]. In some of the
recent experimental findings which included secondary ion mass spectroscopy [69] and
atomic force microscopy [70], it has been suggested that the interface region within
polymer matrix composite materials may be even larger upto 1 mm for glass-fiber epoxy
composites. In this study the interface thicknesses for both glass/epoxy and carbon/epoxy
composite materials are assumed as 1um.

The interface in brain material is regarded as inhomogeneous axon-ecm binding
area in the brain composite material (Figure 2). In our work, we tried to make a
connection between the receptor-ligand binding data for cell adhesion from literature [40,
52, 71] and our specific Axon-ECM adhesion in brain tissue. Cell-Adhesion depends on
enormous factors like cell membrane, bending modulus, number of integrins, adhesion
area and shape of the cell. As there has been no work done to evaluate our specific
interface material properties of axon-ecm adhesion in brain tissue, we have calculated the
interface properties from the available different kinds of cell-adhesion data which are
found in literature. Interestingly, Chan and Odde, 2008 found that the critical stiffness
sensed by cells like fibroblasts, neurons and epithelial was of the same order as measured
in brain tissue [72]. As previously discussed, we found a close similarity between the
Cell-ECM adhesion used by different researchers in literature and we have evaluated the

required interface properties for adhesion modeling assuming that the mechanics of cell-
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adhesion is same for axon-ecm adhesion in brain tissue. The domains are modeled by
finite elements with the interface simulated by cohesive zone elements. The initial
stiffness, strength and adhesion energy of interface evaluated are in the range when
compared to the published results for different cell-adhesion. In this study, thickness of
Cell-Adhesion is considered as 100 nm [73].
3.4 Incorporation of Cohesive Zone Elements

In order to understand the effect of adhesion on the overall material behavior of
composite and brain material, it is essential to consider the interface behavior while
developing the computation models. The objective of this study is to incorporate
cohesive zone elements into micromechanical models and simulate overall material
behavior of composite and brain. In order to represent the adhesion between the fiber and
matrix, we have used a traction separation based 3D cohesive zone element see Fig.3 and
Fig.4 for detailed schematic representation for composites and brain material. The
cohesive zone is a defined element in ABAQUS that can mirror the response of a bonded
region, similar to adhesion between fiber and matrix, interlaminar in composites. The
cohesive element is modeled with a initial stiffness and then developing a damage profile
which leads to failure at the adhesion zone. The thickness of the cohesive element is
generally considered to be negligible. We used a bi-linear and exponential traction
separation based 3D cohesive zone element to represent the interface between the fiber
and matrix for composites and bi-linear behavior for brain material [74]. A three-
dimensional micromechanical model has been developed to study the fiber-matrix
interfacial debonding in composite microstructures [75]. The fiber-matrix adhesion

behavior in the parallel and perpendicular directions is studied by a non-linear 3D CZM

17



with bilinear traction-separation model. Experiments for composites have good
agreement when bilinear cohesive zone law is used [76, 77]. The cohesive zone elements

have been modeled using ABAQUS [74].
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Figure 3. (a) Mixed mode behavior of cohesive element for glass/epoxy and
carbon/epoxy composite. (b) Bilinear cohesive zone law for glass/epoxy composite.
(c) Exponential cohesive zone law for glass/epoxy composite.

The traction-separation law defines the cohesive zone behavior [74, 78]. Cohesive
zone elements develop the debonding at the fiber-matrix interface based on traction —
separation data [78]. Fig. 3(a) represents the cohesive zone law in Mode | and Il fracture
behavior [74] for composite materials. The initial behavior records high stiffness and to
evaluate initiation of damage Equation (1) was used.

tn, ts and t; are tractions in normal and shear direction respectively

on, Os, O are respective separations in normal and shear direction
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t?, t2andt. are pure threshold values of stress in normal and shear directions.
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Gn, Gs, G; are energy used by the traction in normal and shear directions

Gn°, G©, G are threshold energy used by the traction for failure in normal and shear
directions
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The area under traction-separation curve is equal to the fracture energy which is

D=

(3)

considered as damage evolution. For exponential traction-separation behavior in
composites, the mixed mode behavior as shown in Equation (2) is used. The Equations
(3) and (4) are used for calculating the damage evolution which is used for traction
separation behavior for brain material. Fig. 4 shows the constitutive law of cohesive

elements [74] for brain material that has been used in this study. In the above equation

max

(3) and (4),'|'fff is the effective traction at damage initiation and § “refers to the

maximum value of the effective displacement attained during the loading history (Figure

4).
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Figure 4. Independent mode bilinear behavior of cohesive element for axon-ECM
composite with three different traction-separation data.

3.5  Loading and Periodicity Constraints

The three types of loadings for straight fiber include one axial, one compressive
and one shear strain as shown in (Fig. 5). The four types of loadings for wavy fiber
include two axial, one compressive and one shear strain as shown in (Fig. 5). Periodic
boundary conditions are enforced for all load scenarios in order to form a repeated
periodic structure. Referring to (Fig. 5), the 1, 2, and 3 directions are considered as the
longitudinal along the direction of fiber, transverse perpendicular to the direction of fiber,

and transverse along the direction of fiber respectively.
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Figure 5. Schematic of the possible load scenarios.

Load Case 1and 2: classified as when axial strain applied in direction 1 and 2 normal to
faces 1 and 3 applied individually at the center node of surfaces 1 and 3 correspondingly.
The load scenarios develop micro stresses and strains associated with uniform uniaxial
normal stress o311 and o, as in tensile direction.

Load Case 3and 4: classified as when compressive strain applied opposite to direction 1
and 2 and normal to faces 1 and 3 enforced individually at the node located at the middle
of surfaces 1 and 3 respectively. The load scenarios develop micro stresses and strains
associated with uniform uniaxial stress 611 and o5, as in compressive direction.

Load Case 5: classified as when strain in 1-direction on the face 3 and is subjected on the
center-node of face 3. This loading scenario develops micro stresses and strains

associated with uniform longitudinal shear stress o1, in a lamina.
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3.6 Periodicity and Rigid Body Motion Constraints

Periodicity is achieved when opposite faces of the RUC misshape in the same
fashion. Also, some constraint relations are enforced among the nodes on the faces. In
order to invoke the defined constraints, the count and nodes on opposite faces of the RUC
should be identical. On each surface, a node is picked at the geometrical center where
loading is applied in certain load scenarios [64, 65, 94]. In order to stop rigid motion, the
central node of the RUC is restricted to move in all directions. In order to stop rotations
and translations, the center nodes on surfaces 1 and 2 are restricted to move in directions
2 and 3. Also, on one of the edges of face 1 a node is constrained in 2 or 3 direction

based on the edge chosen in order to stop rigid rotation along the length of the unit cell.
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CHAPTER 4. MICROMECHANICAL EVALAUTION OF

MATERIAL DEGRADATION OF FIBROUS COMPOSITES

DUE TO INTERFACIAL FAILURE

4.1 Introduction

In order to study the degradation of mechanical response of composite materials,
the unit cell is applied with total of five load scenarios in which cohesive zone has a
dominant role. These load cases when applied, will produce six different sets of stress
and strain values. From the above stress strain values, the compliance or stiffness matrix
can be calculated using the elasticity relations. For anisotropic materials, the stiffness

matrix is fully populated which can be written as below.
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where S;q are elements of 6x6 matrix of stiffness coefficients for a pure anisotropic
material which has 21 independent coefficients. As mentioned earlier, the RUC of the
composite will be subjected to five independent loading scenarios as cohesive zone is
dominant in these load cases and the degradation of material properties is studied

eventually from the respective stress-strain curves.
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Volume averaged stresses and strains are captured from the analysis for each of
the load scenarios over the volume of the RUC, i.e.,

_ 1 _ 1
G = vja”dv, g = ngijdV (6)

“V’ represents the volume of the unit cell

4.2 Material Input of Adhesion and Constituents

Two different fiber-matrix constitutive material sets for two different geometries
with two different mixed mode traction-separation data [86, 95] are considered for this
study. The composite #1 is an epoxy matrix embedded with glass fiber which is used as
material input for wavy geometry, whereas composite #2 contains carbon fibers
reinforced in epoxy matrix which is used as material input for unidirectional straight fiber
geometry. The materials chosen for composite #1 are isotropic where as for transverse
isotropic behavior, carbon fibers are considered in composite # 2. The mechanical
behavior of the composite constituents and interface parameters are included in Tables
(1, 2 and 3). The behavior of composite can be evaluated as isotropic to anisotropic
which is based on the constitutive materials and adhesion. The micromechanical model
will determine the isotropic behavior based on the number of independent constants. The
algorithm has also been implemented for unidirectional glass/epoxy composite with
mode independent bi-linear and exponential cohesive zone behavior so as study the
difference in composite response with two different softening laws. To study the impact
of waviness on the overall composite behavior, the algorithm has also been implemented
with glass/epoxy material input for three different waviness using mode independent bi-

linear cohesive zone behavior.
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Table 1. Mechanical properties of the fiber and matrix [42]

Constituent E, G (GPa) V
Composite E-Glass fiber 72.9 0.22
#1 Epoxy matrix 4.5 0.45
. Carbon fiber E;=201.0, E;=E3=13.5, vip=v13=0.22 and
Composite G1=G15=95, G=4.9  v25=0.25
Epoxy matrix 4.5 0.45

Table 2. Mechanical properties of interface elements for Composite #1 [41]

Elastic Properties

Knn= Kss= K 3.0687 x 10* N/mm?
Max Nominal Stress

No=To=Sg 40 MPa

Fracture Energy,

Gic 0.25 N/mm,
Gic=Gic 1.08 N/mm

Table 3. Mechanical properties of interface elements for Composite #2 [40]

Elastic Properties

Kinn= Kss= Kyt 2.01 x 10* N/mm?
Max Nominal Stress

No=To=So 36.3 MPa
Fracture Energy,

Gic 0.0075 N/mm,
Gic=Gic 0.6 N/mm
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CHAPTER 5. COMPARISION OF MICROMECHANICAL

MATERIAL DEGRADATION OF UNIT CELLS WITH

DIFFERENT ADHESION BEHAVIOR AND

UNDULATIONS

5.1 Material Degradation of Unidirectional Carbon/Epoxy Composite with Mixed Mode-
Bilinear Traction Separation Based Cohesive Zone

To represent adhesion between fiber and matrix in composite, hexagonal unit cell
is created (Fig. 1(a)).The unidirectional carbon/epoxy composite with hexagonal packing
IS subjected to three different load cases which comprises of tensile loading in 2-2
direction (Load Case-2), compressive loading in 2-2 direction (Load Case-4) and shear
loading in 1-2 direction (Load Case-5). These load cases represent almost all possible
load scenarios in the real world of composite application in which cohesive zone has a
dominant role. The majority of cohesive zone approaches is focused on single mode
loading and generally is performed under mode-I loading scenario. It is unfortunate that
single-mode loading hardly occurs in practice and in most cases the energy dissipated in
Mode-1 and Mode-II are not equal. In mixed-mode loading, decohesion or separation is
not linear but instead drives away from its actual direction. Also, at micro scale level,
because of the microstructural features (e.g. grain size, adhesion size and shape) such
variations in decohesion direction may occur even under pure mode-I loading case.
Mixed Mode cohesive zone behavior has been implemented to study the overall
composite response. Volume average stresses and strains are considered to study the

effect of cohesive zone on the overall composite behavior. The hexagonal RVE subjected
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to tensile loading (L-2) shows a rapid material degradation of composite at a strain of
0.006 and with increasing displacement the interface undergoes decohesion as shown in
Fig. 6. The stiffness neutralizes at a strain of 0.012 when the interface separates
completely. In this load case the composite attains a maximum stress of 40.8MPa and
then the material starts to degrade and is continued by a steady stiffness region leading to

a locked phase.
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Figure 6. Tensile stress-strain distribution in fiber, matrix, and composite due to the
applied strain in direction 2-2 in a unidirectional carbon/epoxy composite model of
V[:/V:O.4.

From Fig. 6, one interesting observation that can be found is that in the stress-strain plot,

there exists a point where all the three constituent’s (fiber, matrix and composite) stresses
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are equal and we can infer that till this point fiber is the major load carrier and after this
point stresses in fiber relax and matrix becomes the major load carrier.

Similar formats are observed for the shear and compressive loadings (Figs. 7 and
8). In shear load case, the maximum stress attained by the composite is 30MPa but for
compressive loading the initiation of degradation occurs at a peak stress of 87.5MPa
which is nearly twice when compared to the maximum stress attained by the composite
for tensile loading (L-2). From Fig (7 and 8), for the same strain of 0.012, the composite
in shear and compressive loading starts to degrade and we can infer that composite in
compressive loading is vulnerable. For all the load cases, the composite reaches a peak
stress and then degrades and is followed by a constant stiffness. Similar trend of
composite behavior has also been observed in Inglis et.al (2005) with cohesive zone
model using numerical simulations [79].

The tensile, compressive and shear strength evaluated by using this
micromechanics tool are 40.8MPa, 87.5MPa and 32MPa respectively and the initial
stiffness evaluated for tensile, compressive and shear loading are 7.1GPa, 7.13GPa and
3.5GPa respectively. The strength and initial stiffness of composite material for all the
load cases evaluated using this micromechanics tool are comparable with the published
results for carbon/epoxy composites [78, 80-84] The difference in the numerical values
of evaluated strength and stiffness when compared to published results is because of the

factors like volume fraction, fiber packing and fiber sizing (see Table 4).
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Figure 7. Shear stress-strain distribution in fiber, matrix, and composite due to the
applied strain in direction 1-2 in a unidirectional carbon/epoxy composite model

of VE/V=0.4.
5.2 Material Degradation of Wavy Glass/Epoxy Composite with Mixed Mode-Bilinear

Traction Separation Based Cohesive Zone

To represent adhesion between fiber and matrix in composite, hexagonal wavy

model is created. As discussed earlier, in fabrication of composites, flaws such as the
undulation of fibers that develop during filament winding process or other fabrication
processes produce variable mechanical properties when compared to straight fiber
composites and that is reason to implement the wavy model (Fig. 1(b)). The wavy model
implemented for this study is of amplitude/wavelength (A/L) of 0.085. The wavy

glass/epoxy composite with hexagonal packing is subjected to four different load cases
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which comprises of tensile loading in 1-1 direction (Load Case-1), compressive loading
in 1-1 direction (Load Case-3), tensile loading in 2-2 direction (Load Case-2) and shear
loading in 1-2 direction (Load Case-5). These load cases represent almost all possible
load scenarios in the real world of wavy composite application in which cohesive zone
has a dominant role. In composite unit cell with unidirectional fiber model, loading in

longitudinal direction (Load case-1) did not have any significant impact on the overall
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Figure 8. Compressive stress-strain distribution in fiber, matrix, and composite due to
the applied strain in direction 2-2 in a unidirectional carbon/epoxy composite model
of Ve/V=0.4.
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Table 4. Comparison of initial stiffness and strength of unidirectional carbon/epoxy
composite calculated using the proposed method with the available literature data

Mechanical Properties:- Proposed Method Literature[40,44-48]
Tensile Strength-Transverse 40.8MPa 40-60MPa
Compressive Strength-Transverse 87.5MPa 50-250MPa
Shear Strength 32MPa 25-50MPa
Young’s Modulus- Transverse 7.1GPa 7-10GPa
Shear Modulus 3.5GPa 3.3-5.2GPa
VVolume fraction 40% 30-60
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Figure 9. Tensile stress-strain distribution in fiber, matrix, and composite due to the
applied strain in direction 1-1 in a glass/epoxy composite model with waviness
(A/L=0.085) of V{/V=0.4.
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stress distribution in fiber or matrix. However, for wavy models both fiber and matrix
have an impact due to longitudinal loadings. Since in wavy models, fibers are oriented
over a curvature in a local direction, the global stresses should not remain constant.

Mixed Mode cohesive zone behavior has been implemented to study the overall
composite response. The hexagonal packed wavy model subjected to longitudinal loading
also shows a rapid material degradation of wavy composite at a strain of 0.0064 and with
increasing displacement the adhesion area undergoes debonding as shown in Fig. 9. The
stiffness of wavy composite neutralizes at a strain of 0.0096 when the interface region
separates completely. In this load case, the wavy composite reaches a maximum stress of
143MPa and then the material starts to degrade and is followed by a constant stiffness
phase. From Fig. 11, for compressive loading in the same direction 1-1, the wavy
composite reaches a peak stress of 185MPa at a strain of 0.0087, which infers that the
wavy composite has more compressive strength in 1-1 direction when compared to
longitudinal strength. Similar trends are seen for the tensile (L-2) and shear (L-5) loading
(Figs. 10 and 12) as seen for unidirectional unit cell model. From the Figs. 10 and 12, one
interesting observation that can be found is that in the stress-strain plots, wavy composite
has more or less the same peak stress but with significant different strains which infers
that the wavy composite has more tensile strength in 2-2 direction when compared to

shear strength in the same direction.
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Figure 10. Tensile stress-strain distribution in fiber, matrix, and composite due to the
applied strain in direction 2-2 in a glass/epoxy composite model with waviness
(A/L=0.085) of V¢/V=0.4.
5.3 Comparison of Material Degradation of Unidirectional Glass/Epoxy Composite

Using Bilinear and Exponential Traction Separation Cohesive Zone Laws

In this study, we have implemented exponential cohesive zone law for

unidirectional glass/epoxy composites and the difference between bi-linear and
exponential cohesive zone law on the overall composite behavior has been studied. The
strength of the composite is based on the fiber sizing techniques and the type of
manufacturing process employed. On this basis, specific shape of the cohesive zone law

can be implemented to determine the experimental strength of the composite in all the

directions. The unidirectional hexagonal packed glass/epoxy composite is subjected to
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same load cases as discussed in section 4.1. For the ease of calculations and faster
convergence, we have implemented single mode cohesive zone behavior in this study
[74]. In this study, we have assumed same fracture energy and same peak stress in the
cohesive zone but with different softening laws (Fig 3). We observed a significant
difference by comparing the stress-strain plots of unidirectional glass/epoxy composite
when subjected to load cases (L-2, L-4 and L5) using bi-linear and exponential traction-
separation cohesive zone laws. For the entire load cases, from the Figs. 13, 14 and 15, the

initial stiffness for the composite remains the same and then the material starts to degrade
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Figure 11. Compressive stress-strain distribution in fiber, matrix, and composite due to
the applied strain in direction 1-1 in a glass/epoxy composite model with waviness
(A/L=0.085) of V{/V=0.4.
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Figure 12. Shear stress-strain distribution in fiber, matrix, and composite due to the
applied strain in direction 1-2 in a glass/epoxy composite model with waviness
(A/L=0.085) of V¢/V=0.4.
and is followed by a constant stiffness. The major difference observed while
implementing the bi-linear and exponential traction-separation cohesive zone laws is that
the peak stress attained by the composite has shifted more than twice in the case of
exponential cohesive zone law. From this result, for all the load cases we can infer that
the unidirectional composite when implemented with exponential cohesive zone law has
more strength in all the directions when compared to the composite implemented with bi-
linear cohesive zone law. Based on the stress-strain plots of the composite from the
experimental results, proper cohesive zone law can be determined. For all the load cases,

we have also observed that the response of the unidirectional composite when
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implemented with both the cohesive zone laws, stabilizes with same stiffness after the

interface debonds completely.
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Figure 13. Tensile stress-strain distribution in unidirectional glass/epoxy composite
models of Ve/VV=0.4 due to the applied strain in direction 2-2 with two different (bilinear
and exponential) traction-separation behaviors.
5.4  Comparison of Material Degradation of Glass/Epoxy Composite with Different

Waviness of Fiber

As discussed earlier, due to defects in fabrication process of composites,
undulation of fibers may occur. In this study, we would like to concentrate the effect of

waviness or undulation on the overall composite behavior using cohesive zone method.

The wavy models implemented for this study are of amplitude/wavelength (A/L) of
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0.085, 0.121 and 0.179. The hexagonal packed glass/epoxy composite with three
different undulations are subjected to same load cases as discussed in section 3.5. For the
ease of calculations and faster convergence, we have implemented single mode bilinear
cohesive zone behavior in this study [74]. From the Fig. 17, the wavy models with
different waviness when subjected to longitudinal loading (L-1) had a significant impact

on the initial stiffness and longitudinal strength of composite. It can be observed that,
with increase in waviness, the initial stiffness and peak stress attained by composite

decreases. It is also observed that waviness has no big impact on the composite behavior
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Figure 14. Compressive stress-strain distribution in unidirectional glass/epoxy composite
models of V¢/V=0.4 due to the applied strain in direction 2-2 with two different (bilinear
and exponential) traction-separation behaviors.
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after the interface has debonded completely. Similar trend is also observed when the
composite with increasing waviness is subjected to compressive loading (L-3) in 1-1
direction. From fig. (17), when the composites with increasing waviness is subjected to
transverse loading in 2-2 direction, similar trend is observed as discussed for longitudinal
loading but the difference due to waviness is not that significant when compared with
longitudinal and compressive loading in 1-1 direction. As discussed in section 4.1, from
fig. (16 and 18), it is observed that wavy composites have more compressive strength in
1-1 direction when compared to longitudinal strength in the same direction. This means
that the introduction of more wavy fibers will decrease the overall composite stiffness

and strength in longitudinal compression and transverse directions. However, from
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Figure 15. Shear stress-strain distribution in unidirectional glass/epoxy composite models
of Ve/VV=0.4 due to the applied strain in direction 1-2 with two different (bilinear and
exponential) traction-separation behaviors.
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fig.(19) when composites with increasing waviness is subjected to shear loading (L-5), it
can be observed that with increase in waviness, the initial stiffness and peak stress
attained by composite increases. Hence composite materials with more wavy fiber

distribution will result in a stronger material for shear.
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Figure 16. Tensile stress-strain distribution in glass/epoxy composite models of V¢/VV=0.4
due to the applied strain in direction 1-1 for three different waviness (A/L=0.0853, 0.121,
0.179).
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Figure 17. Tensile stress-strain distribution in glass/epoxy composite models of V¢/V=0.4

due to the applied strain in direction 2-2 for four different waviness (A/L=0, 0.0853,
0.121, 0.179).
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Figure 18. Compressive stress-strain distribution in glass/epoxy composite models of

Ve/V=0.4 due to the applied strain in direction 1-1 for three different waviness (A/L=
0.0853,0.121, 0.179).
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Figure 19. Shear stress-strain distribution in glass/epoxy composite models of V¢/V=0.4
due to the applied strain in direction 1-2 for four different waviness (A/L=0, 0.0853,

0.121, 0.179).
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CHAPTER 6. EFFECT OF ADHESION ON VISCOELASTIC
CHARACTERIZATION OF MECHANICAL PROPERTIES

OF BRAIN WHITE MATTER

6.1 Introduction

Brain material response is dependent on loading scenarios, strain gradients,
temperature and some physical parameters on a continuum level. The response of brain
material can be simulated with a variety of constitutive material models [85-90]. The
material models include elastic, viscoelastic and hyperelastic behaviors. The material
property of any composite can be estimated from micromechanics principles with defined
properties of the constituents, fiber orientation and distribution. The material constituents
implemented in our study are presumed to follow a linear viscoelastic behavior. Under
small deformation cases, such material assumptions are widely accepted. The linear

viscoelastic behavior under small deformation assumption is evaluated as below.

aij(t):j.Cijk,(t—T)%dr, L,k 1=123 (7)
5 T

The above stress-strain can be converted into VVoigt vector form as:

oy (t) _C1111 Cun Cusm Cup Cus Gy 1(d &,(r)/dt
o, (1) Comi Com Cousm Cop Cous Cops | |dey(r)/dt
o5(t) _ j‘ Cann Casw Cass Casp Cags Cags || dégs(r)/ dt dr ®)
o, (1) ol Cizn Cim Cras Chpy Cias Chp de,(z)/dt
oy,(t) Can Cip Cigs Ciapp Ciys Crap | [degs(r)/dt
op(t) _C2311 Cuz Cuss Cun Cos Cogp i dey(r)/dt
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The time-dependent Cjj(t) is a 6x6 matrix of relaxation coefficients for a
composite material and detailed explanation can be found in Abolfathi et.al [94]. Prony
series expression is used with a linear viscoelastic behavior do determine the coefficients

Ciju(t), each with its individual sub-coefficients as [91]:

Cijkl (t) = c_:ijkl [1_ anck (]-_eimk )j (9)

The viscoelastic behavior of a material can be characterized by determining the

sub-coefficients C_:ijk, ,C,, 7, associated with each coefficient Cijq(t).

A detailed explanation of this micromechanical method to evaluate the viscoelastic
behavior of composites is published in Garnich and Karami (2005a) and Naik et al.

(2008) [92, 93]. The volume averaged stresses and strains which are time dependent are

calculated from the output captured at every time step of the analysis i.e.,

5,0 =[O 70 = [z 00 (10)

“V” represents the overall volume of the unit cell.
The stress and strain data when included in the above formulation (10) can be used as a
input for calculating the 21 independent coefficients Ciq(t) to represent the anisotropic
behavior of the brain tissue material.
6.2 Relaxation Loading

To study the impact of adhesion of the brain tissue, the RUC of brain material is
subjected to the relaxation loading. In order to study the adhesion behavior on the brain
tissue with respect to time, five independent kinematical loading scenarios are

44



implemented (Figure 5) and the relaxation output from each load scenario is captured.
The five loading scenarios are categorized as two axial displacements in 1, 2 directions
and one longitudinal shear loading which represent the most possible loading scenarios
scenarios in which adhesion has a dominant role. All load scenarios as a part of
relaxation loading are impacted with a fixed 0.3% displacement and related data of
volume average stress-strain of the overall RUC, axons and ecm are captured at every
time step. The point at which the stiffness curve approaches a slope of zero is considered
as end time for relaxation test. Arbogast and Margulies (1999) have reported that in brain
material, the axons show more viscous behavior when compared to matrix and so the
finish time of relaxation test is dependent on the axons viscoelastic behavior. In this finite
element analysis, the total time duration is divided into multiple steps in order to reduce
the overall computational time. At each of these defined time steps, finite element
analysis is performed. The number of time intervals for this study is selected efficiently
to make sure that required number of data points are captured to study the accurate effect
of adhesion on the brain material.
6.3  The Material Data for Adhesion, Axons, and Matrix

Brain white matter is considered as a composite region of brain with multiple
sub regions consisting of dissimilar geometric and mechanical behaviors. Since there is
no enough constitutive material for axons and extracellular matrix, we have used the
same methodology for material input of Axons and ECM as used in Abolfathi et.al [94].
The viscoelastic behavior of axons and matrix are included in Table 4.1 and 4.2. As
explained earlier, the axon-ecm interface parameters have been calculated from the

available bond extension data for cell adhesion [40, 52, 71].The Axon-ECM interface
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parameters are presented in Table-5. The algorithm has been implemented for
unidirectional Axon-ECM composite model with three different mode independent bi-
linear cohesive zone behaviors so as study the difference in viscoelastic response of the
brain composite model. To study the impact of waviness on the viscoelastic response of
the composite behavior, the algorithm has also been implemented with three different

waviness using mode independent bi-linear cohesive zone behavior.

Table 5. Viscoelastic property of axon material [63]

Instantaneous Poisson’s Prony Series
Elastic Ratio Parameters
Modulus (Pa)
63981.69 0.4999 G k =

0.895231 0 0.0103

0.0090427: 0  0.40005
* The frequency domain data available from Arbogast and Margulies (1999) converted into time domain.

Table 6. Viscoelastic behavior of ECM material

Instantaneous Poisson’s Prony Series
Elastic Ratio Parameters
Modulus (Pa)
23195.17 0.4999 g k =

0.8681981 0 0.005

0.0437855: 0  0.07995
* The frequency domain data available from Arbogast and Margulies (1999) converted into time domain.

Table 7. Mechanical properties of interface elements for the study of axon-ECM
adhesion [38, 52, 71]

Elastic Properties Max Fracture Energy,
Kin= Kss= Kyt Nominal Gic=Giic=Guic
Stress
No=To=So
[N/ (um) °] [N/ (um)?] [PN/ (pm)]
Al 5000 8 0.055
A2 20000 20 0.055

A3 is considered as 100% adhesion between fiber and matrix
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CHAPTER 7. COMPARISION OF MICROMECHANICAL

VISCOELASTIC BEHAVIOR OF UNIT CELLS DUE TO

THE EFFECT OF DIFFERENT ADHESION AND

UNDULATIONS

7.1 Impact of Adhesion on the Viscous Behavior of Axons and Matrix in a

Unidirectional Brain Composite Unit Cell with Bilinear Traction Separation

Based Cohesive Zone

To represent adhesion between Axon and Matrix in a brain composite model,
hexagonal unit cell is created (Fig. 2(b)).The unidirectional brain composite model with
hexagonal packing is subjected to three different load cases which comprises of tensile
loading in 2-2 direction (Load Case-2), compressive loading in 2-2 direction (Load Case-
4) and shear loading in 1-2 direction (Load Case-5). These load cases represent almost all
possible load scenarios in the brain injury study in which cohesive zone has a dominant
role. The majority of cohesive zone approaches is focused on single mode loading and
generally is executed under mode-1 loading scenario. We have also implemented all the
adhesion FEM analysis under mode-I loading to reduce analysis time and to increase the
speed. At micron level, based on the microstructure features, deviations in decohesion
direction can also take place under pure mode-l loading case. Mode-I cohesive zone
behavior has been implemented to study the impact of adhesion on the Axons, Matrix
and Brain composite model. Volume average stresses and strains are considered to study
the effect of adhesion on the brain unit cell model. At a constant strain of 0.03%, the

hexagonal RVE when subjected to shear loading (L-4) shows the impact of different
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adhesion behavior on the viscous nature of Axons, Matrix and Brain composite unit cell
model. It has been observed that the stiffness and the viscous behavior of Axons, Matrix

and Brain tissue is highly dependent on the adhesion property.
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Figure 20. Variation of shear stress with respect to time due to the applied constant strain
in direction 1-2 with three different adhesion properties in a unidirectional brain unit cell
model of V¢/V=0.53.

48



25 -

— Adhesion-1, CS22 - Straight Fiber, A/IL=0

E 20 + Adhesion-2, CS22 - Straight Fiber, A/L=0
“ﬁ" =—100% ADHESION, CS22 - Straight Fiber, A/[L=0
b_ 15 -
7]
o
s 10 A
0

5 -

0 r r r r r 3

0 0.01 0.02 0.03 0.04 0.05 0.06

Time (sec)

Figure 21. Variation of tensile stress with three different adhesion properties in axons,
matrix, and brain composite tissue due to the applied constant strain in direction 2-2 in a
unidirectional brain unit cell model of V¢/VV=0.53.
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Figure 22. Variation of stiffness with three different adhesion properties in axons, matrix,
and brain composite tissue due to the applied constant strain in direction 1-2 in a
unidirectional brain unit cell model of V¢/\VV=0.53.
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Figure 23. Illustration of the tensile stresses (Sz;) developed in the (a) unidirectional
tissue unit cell with A; (weak) adhesion; (b) unidirectional tissue unit cell with A,
(strong) adhesion; and (c) unidirectional tissue unit cell with 100% bonding between
axon and matrix when subjected to an average constant strain of 0.3% along 2-2
direction.

As the adhesion property changes from A; to As, the axon material tends to be stiffer
than the matrix and when the adhesion property changes from As; to A;, the matrix
material tends to be stiffer than axons (Figure 20). Also for viscous behavior, similar
trend is observed when the adhesion property changes from A; to Az with the axon
material to be more viscous than the matrix and when the adhesion property changes
from As to A;, the matrix material tends to be more viscous than axons (Figure 20, 24).
When observed with one fixed adhesion property, the stiffness and viscous behavior of
brain tissue lies somewhere between axons and matrix (Figure 22). Similar impact has
been observed for the overall brain composite tissue behavior. The stiffness and viscous

behavior is high in the composite brain tissue with Az adhesion property and less with A;

adhesion property (Figure 22). Similar trends for stiffness and viscous behavior are seen
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for the transverse loading (Figure 21) and compressive loading (Figure 25) in direction 2-
2. From Figure 23, for L-2 it can be inferred that there is an impact on the stiffness and
viscous behavior on the brain tissue but the impact is not as significant as observed for L-
4. From Figure 25, one interesting observation that can be found is that there is no much
big impact of adhesion on the viscous behavior of brain unit cell model under
compressive loading in 2-2 direction but there is an impact on the stiffness of the brain
composite unit cell with the three different adhesion properties which is obvious as the
adhesion strength changes. For all the load cases, the stiffness and viscous behavior of
the brain composite unit cell follows the same trend for the three different adhesion
properties and the stiffness and viscous behavior of the brain composite unit cell falls

somewhere between the axon and matrix behavior based on the adhesion property.

Figure 24. lllustration of the shear stresses (S1,) developed in the (a) unidirectional tissue
unit cell with A; (weak) adhesion; (b) unidirectional tissue unit cell with A, (strong)
adhesion; and (c) unidirectional tissue unit cell with 100% bonding between axon and
matrix when subjected to an average constant strain of 0.3% along 1-2 direction.
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Figure 25. lllustration of the compressive stresses (S;;) developed in the (a)
unidirectional tissue unit cell with A; (weak) adhesion; (b) unidirectional tissue unit cell
with A, (strong) adhesion; and (c) unidirectional tissue unit cell with 100% bonding
between axon and matrix when subjected to an average constant strain of 0.3% along 2-2
direction.

7.2 Impact of Adhesion on the Viscous Behavior of Axons and Matrix in a Brain
Composite Unit Cell with a Constant Waviness (A/L) of 1.0684 Using Bilinear
Traction Separation Based Cohesive Zone

As discussed earlier, the adhesion strength is not the same in all the sections of
the brain. In this section, the waviness is kept constant and the effect of different
adhesion strengths on the stiffness and viscous behavior on the brain unit cell is studied
using cohesive zone method for each load case. The wavy model implemented for this
study is of amplitude/wavelength (A/L) of 1.0684. For the ease of calculations and faster
convergence, we have implemented single mode bilinear cohesive zone behavior in this

study [74]. The wavy brain composite unit cell with hexagonal packing is subjected to
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Figure 26. Variation of axial stress with respect to time due to the applied constant strain
in direction 1-1 with two different adhesion properties in a brain unit cell model with
waviness (A/L=1.0684) of V¢/VV=0.53.
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Figure 27. Variation of shear stress with respect to time due to the applied constant strain
in direction 1-2 with two different adhesion properties in a brain unit cell model with
waviness (A/L=1.0684) of V/V=0.53.

53



four different load cases which comprises of tensile loading in 1-1 direction (Load Case-
1), compressive loading in 1-1 direction (Load Case-3), tensile loading in 2-2 direction

(Load Case-2) and shear loading in 1-2 direction (Load Case-5).
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Figure 28. Illustration of the shear stresses (S12) developed in the (a) tissue unit cell with
undulation, A/L=1.0684 with A; (weak) adhesion; (b) tissue unit cell with undulation,
A/L=1.0684 with A, (strong) adhesion when subjected to an average constant strain of
0.3% along 1-2 direction, which is perpendicular to the fiber direction (load case 5). The
deformed shape of the axon with respect to its original shape is also shown in (c).

The above load cases represent almost all possible load scenarios during brain injury at
microscopic level in which adhesion has a dominant role. In brain composite unit cell
with unidirectional axon model, loading in longitudinal direction (Load case-1) did not
have any significant impact on the overall stress distribution in axon or matrix. However,
for wavy models both axon and matrix have an impact due to longitudinal loadings.

Since in wavy models, axons are oriented over a curvature in a local direction, the global

stresses should not remain constant. From the Fig. 26, the brain unit cell wavy models
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with different adhesion when subjected to axial loading (L-1) in 1-1 direction had a
significant impact on the stiffness and viscous behavior of the brain composite model. It
can be observed that, with increase in adhesion strength, the stiffness and viscous
behavior is high in the composite brain tissue with A, adhesion property and less with A;
adhesion property (Figure 26). From the Fig. 29, a similar trend has been observed when
the brain unit cell model has been subjected to compressive loading in 1-1 direction. One
interesting thing is that the stiffness of the brain composite model for all the adhesion
strengths in the compressive loading is high when compared to axial loading in the same
direction under constant strain which implies that the tissue material is stiffer in
compressive loading than axial loading. Another interesting observation is that the
change in the stiffness and viscous behavior of the wavy unit cell is more significant with
different adhesion strengths when compared to the axial loading in the same direction.
From the Fig. 27, the wavy brain unit cell models with different adhesion when subjected
to shear loading in 1-2 direction had a very high impact on the stiffness and viscous
behavior of the brain composite model. It can be observed that, with increase in adhesion
strength from A; to Ay, the stiffness change is around 100% for a constant waviness (A/L)
of 1.0684. A similar trend has been observed for the viscous behavior of the brain
composite unit cell under shear loading in 1-2 direction and the change in viscous
behavior is quite significant with increase in adhesion strength (Figure 28). For all the
load cases subjected to wavy unit cell with different adhesion strengths, the stiffness and
viscous behavior of the brain composite unit cell follows the same trend as explained
above. The stiffness and viscous behavior of the brain composite wavy unit cell falls

somewhere between the axon and matrix behavior depending upon the adhesion strength.
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Figure 29. Variation of compressive stress with respect to time due to the applied
constant strain in direction 1-1 with two different adhesion properties in a brain unit cell
model with waviness (A/L=1.0684) of V/V=0.53.

7.3 Impact of Waviness on the Viscous Behavior of Axons and Matrix in a Brain
Composite Unit Cell with a Constant Adhesion Strength (A;) Using Bilinear
Traction Separation Based Cohesive Zone
The human brain consists of different sections like white matter, grey matter etc.,

and the waviness is not the same in all the sections of the brain. In this section, the

adhesion strength is kept constant and the effect of different waviness on the stiffness and
viscous behavior on the brain unit cell is studied using cohesive zone method for each
load case. The results are quite different when compared to the results in section 7.2 as
the constant parameter changes. The wavy models implemented for this study are of
amplitude/wavelength (A/L) of 1.0684, 1.1310 and 1.1947. For the ease of calculations

and faster convergence, we have implemented single mode bilinear cohesive zone
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behavior in this study [74]. The wavy brain composite unit cell with hexagonal packing is
subjected to the same load cases as mentioned in section 7.2. From the Fig. 30, the brain
unit cell wavy models with different waviness when subjected to axial loading (L-1) in 1-
1 direction had a significant impact on the stiffness and viscous behavior of the brain
composite model under a constant adhesion strength. It can be observed that, with
increase in waviness, the stiffness and viscous behavior is high in the composite brain
tissue with high undulation and low in the composite brain tissue with least undulation
under constant adhesion strength (Figure 31). It implies that regions in white matter such

as brainstem in which axons are uniaxially oriented are weaker than regions of corona
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Figure 30. Variation of axial stress with respect to time due to the applied constant strain
in direction 1-1 with three different waviness (A/L=1.0684, 1.1310, 1.1947) in a brain
unit cell model with a weak adhesion property (A;) of V&/VV=0.53.
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Figure 31. lllustration of the axial stresses (S11) developed in the (a) tissue unit cell with
undulation, A/L=1.0684 with A; (weak) adhesion; (b) tissue unit cell with undulation,
A/L=1.131 with A; (weak) adhesion; and (c) tissue unit cell with undulation, A/L=1.1947
with A; (weak) adhesion when subjected to an average constant strain of 0.3% along
longitudinal axon direction (load case 1).
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Figure 32. Variation of compressive stress with respect to time due to the applied
constant strain in direction 1-1 with three different waviness (A/L=1.0684, 1.1310,
1.1947) in a brain unit cell model with a weak adhesion property (A;) of Ve/\V=0.53.
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Figure 33. Variation of shear stress with respect to time due to the applied constant strain
in direction 1-2 with three different waviness (A/L=1.0684, 1.1310, 1.1947) in a brain
unit cell model with a weak adhesion property (A;) of V¢/V=0.53.

radiata in which axons have high undulations. From Fig 26 & 30, one can infer by
looking at the difference in percentage values of stiffness and viscous behavior that the
effect of waviness under constant adhesion strength is much more significant when
compared to the effect of adhesion under constant waviness for the respective load case
(L-1). Similar trends have been observed in other load cases as well. From the Fig. 33,
the brain unit cell model with different undulations when subjected to shear loading in 1-
2 direction had an impact on the stiffness and viscous behavior of the brain composite
model but impact of waviness is not as significant as we observed by the impact of
adhesion strength in section 7.2. From Fig 27 & 33, one can infer by looking at the
percentage difference in all the values of stiffness and viscous behavior that the effect of
waviness under constant adhesion strength is less significant when compared to the effect
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of adhesion under constant undulation for the respective load case. Similar trend has been
observed for compressive loading (Figure 32). For all the load cases, looking at the
variation in percentage values, it can be inferred that the waviness has a significant effect

on the stiffness and viscous behavior of the brain tissue under specific adhesion strength.
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CHAPTER 8. CONCLUSIONS AND SUGGESTIONS FOR

FURTHER RESEARCH

8.1  Conclusions

To account for the impact of adhesion on the material behavior of composites and
brain tissue a micromechanical computational model was introduced to simulate the
composite fiber/matrix and Brain Axon/ECM structure by considering the cohesive zone
between the composite constituents. In this study, we successfully incorporated the
adhesion behavior inside the micromechanical model to determine the material response
of the composite material and brain material for all possible loading scenarios.
For composites by implementing this micromechanical model it was observed that initial
stiffness, strength and constant stiffness phase after failure of the cohesive zone can be
characterized. Specific loading scenarios have been analyzed where adhesion has a major
impact on the overall mechanical response of the composites. In this study for all the
loading scenarios, we have observed that in all stress-strain plots there exists a point
where all the three constituent’s (fiber, matrix and composite) stresses are equal. This
kind of composite behavior is also observed in Inglis et.al (2005). By this we can
conclude that till this threshold point, fiber is the major load carrier and after that point
stresses in fiber relax and matrix becomes the major load carrier. The tensile,
compressive and shear strength evaluated by using this micromechanics tool are
comparable with the published results. This micromechanical cohesive zone model has
also been implemented to characterize the impact of wavy fibers on the overall composite

response. For wavy composite models, we have studied that compressive strength is more
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when compared longitudinal strength in same direction which means that the introduction
of more wavy fibers will decrease the overall composite stiffness and strength in
longitudinal compression and transverse directions. However it is observed composite
materials with more wavy fiber distribution will result in a stronger material for shear.
Also, it is studied that the wavy composite model has more tensile strength when
compared to shear strength in same direction. The strength and initial stiffness of
composite material for all the load cases evaluated using this micromechanics tool has
been compared and all the values lie in the range of the available experimental material
properties in the literature. A significant difference in the composite behavior has been
observed when two different cohesive zone laws have been implemented which infers
that shape of the softening zone is also an important factor in addition to initial stiffness
and peak stress in cohesive zone law. The major difference observed while implementing
the bi-linear and exponential traction-separation cohesive zone laws is that the peak stress
attained by the composite has shifted more than twice in the case of exponential cohesive
zone law. Based on the stress-strain plots of the composite from the experimental results,
proper cohesive zone law can be determined.

In the case of brain material, by implementing this micromechanical model it was
observed that stiffness and viscous behavior of the brain tissue can be implemented under
different modes of injuries. A significant impact in the brain tissue due to adhesion
strength has been observed under different loading scenarios. This micromechanical
cohesive zone model has also been implemented to study the impact of wavy axons on
the overall stiffness and viscous behavior of the brain tissue under three different

adhesion strengths. With increase in adhesion, the axon material tends to be stiffer than
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the matrix. Similar trend has been studied for viscous behavior of axons and matrix.
When observed with one fixed adhesion property, the stiffness and viscous behavior of
brain tissue lies somewhere between axons and matrix. With increase in adhesion
property, the stiffness and viscous behavior of the overall composite brain tissue also
increases. One interesting observation that can be found is that there is no much big
impact of adhesion on the viscous behavior of brain unit cell model under compressive
loading in transverse direction. The stiffness of the brain composite model for all the
adhesion strengths in the compressive loading is high when compared to axial loading in
the same direction under constant strain which implies that the tissue material is stiffer in
compressive loading than axial loading. Another interesting observation is that the
change in the stiffness and viscous behavior of the wavy unit cell is more significant with
different adhesion strengths when compared to the axial loading in the same direction.
The local stress and strain and distributions were also studied within a repeating unit cell.
In this research analysis, we have also studied that the axons undulations also has a
significant impact on the stiffness and viscous behavior in fiber direction under specific
adhesion strength. It has been observed that with constant adhesion strength in
longitudinal direction as waviness increases, the stiffness and viscous behavior also
increases in the composite brain tissue. It implies that regions of white matter such as
brainstem in which axons are uniaxially oriented are weaker in longitudinal direction
when compared to regions of corona radiata in which axons have high undulations. It has
been also been concluded that the effect of waviness under constant adhesion strength is

less significant when compared to the effect of adhesion under constant undulation.
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8.2 Suggestions for Further Research

The study of impact of adhesion in composites and brain tissue can be continued
with this micromechanical approach by using different traction separation data. The
traction separation data for composites can be determined with experimental pull out
tests. In order to predict the precise effect of adhesion on different regions of brain tissue,
accurate experimental traction separation model and data needs to be determined. With
any available experimental traction separation data for brain tissue, we can study the
actual mechanical behavior of different regions of brain tissues. We have studied this
micromechanical model for composites and brain tissue by using elastic and viscoelastic
materials for fiber and matrix. The research can be continued by studying the impact of
adhesion using material properties like hyperelastic, hyperviscoelastic for fiber and

matrix to evaluate the overall response of the composite and brain tissue.
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