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ABSTRACT

Tissue engineering (TE) is an emerging field and many researchers are working in
applying the principles of engineering and biology to develop tissue substitutes using
living cells, biocompatible materials and technology to restore the damaged human
tissues. The success of tissue regeneration depends on the technology to generate reliable,
fully integrated, complex, three-dimensional and controlled porous structures called
scaffolds of the exact shape and size of the replacement for body parts. Factors that could
enhance tissue regeneration include such diverse characteristics as pore size, total
porosity, pore shape, pore interconnectivity, material surface chemistry, effective
permeability and Young’s modulus of the scaffold material. The internal structure of the
scaffold should have channels and interconnected pores to help suitable mechanical and
biological environment for cell attachment, cell proliferation, tissue regeneration and
nutrient flow. Specifically the Young’s modulus and porosity of the scaffold significantly
influences the tissue regeneration. The external size and shape of the scaffold should also
confirm to the replacement for body part specific to a subject for biological and structural
acceptability. Advances in non invasive imaging, image based reconstruction, computer
aided design (CAD), solid free-form fabrication (SFF), biomaterials and layered
manufacturing (LM) will allow this integrated technology to biological modeling,
biophysical analysis and simulation, and design and manufacturing of tissue and organ

substitutes.

Tissue engineered scaffolds particularly for femoral bone have a very wide
application owing to the nature and frequency of damage to femur bone in aged people. It
is observed that every bone is different and for better biological and mechanical
acceptability of scaffolds and reduced time and improved quality of tissue generation,
some important properties of the internal structure apart from external geometry should
also be customized considering race, body built-up, age, sex and special conditions like
osteoporosis etc. In order to mimic the environment (mechanical Young’s modulus as
well as biological structure of the bone) in the scaffold (replacement) it is significant if
the subject specific cortical porous geometry is also modeled apart from external

geometry for design and analysis for the fabrication of tissue engineered scaffolds.

The present work envisages a method for modeling, design and analysis for the

fabrication of subject specific geometry as well as controlled porosity femoral bone
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scaffolds. Initially a subject specific three dimensional reconstruction of femoral bone
model is proposed incorporating cortical bone porosity using a macro-computed
tomography (CT) scan data. Here the aim is to estimate the internal architecture
properties particularly, porosity and Young’s modulus using the CT number of the
commercially available medical scanner. Subsequently, a methodology using SFF
techniques for manufacturing the scaffolds from the geometric model along with pore
morphology is presented. The main objective here is to control the porosity of the
synthetic biomaterial structure being fabricated so as to match its Young’s modulus with
that of the bone subject to constraints on pore sizes based on biological activity and
fabrication limitations. This will ensure that the scaffold mimics biological as well as
mechanical environment of the actual bone. This is accomplished by developing
correlation models based on CT scan data collected from four cadaver femurs and using
some data from available literature. Later a methodology involving an appropriate
modeling scheme apart from geometry and a pre processing algorithm for slicing and
raster tool path generation based on the porosity information for LM of scaffolds using
biomaterial is presented. Specifically, the application of space-filling fractal curves for
tool path generation for LM of porous scaffold is presented. To validate the mechanical
properties, a subject specific finite element analysis approach is carried out to evaluate the
stress and strain behavior of the scaffold and the same is compared with that of the actual
femoral bone. The procedure incorporates local controlled variation of Young’s modulus

in the scaffold as well as in the bone due to the presence of porosity.
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CHAPTER 1

INTRODUCTION

Bone defects are often repaired by filling them with a bone graft material. Bone grafting
is a surgical procedure that replaces missing bone with material from the patient's own
body, or from an artificial, synthetic, or natural substitute. Bone grafting is possible
because bone tissue, unlike most other tissues, has the ability to regenerate completely if
provided the space to grow. As native bone grows, it will generally replace the graft
material completely, resulting in a fully integrated region of new bone. Various biological
mechanisms such as osteoconduction (bone grows on a surface), osteoinduction (process
by which osteogenesis is induced) and osteogenesis (process of laying down new bone
material by bone forming cells i.e. osteoblasts) provide a rationale for bone grafting. The
applications of various bone grafting techniques that involve grafts of the affected
individual, or from other humans are limited due to non availability and also pose risk of
disease transmission after replacement. The use of synthetic biomaterials thus plays a
vital role in bone tissue replacement. Many new bone graft materials are being developed,
using tissue engineering and other techniques. In tissue engineering, the success depends
on many factors including the technology to generate reliable, fully integrated, complex,
three dimensional (3D) and controlled porous structures called scaffolds of the exact
shape and size of the replacement for body parts. The biological activity as well as
mechanical response of these scaffolds is critically significant. This chapter will
introduce, present the challenges in the areas of design, analysis and fabrication of tissue

engineering scaffolds and the motivation for the present thesis.

1.1 Human Bone

Bones are the part of the human body that is most resistant to deformation. Bones are
hard connective tissues and play an extremely important role. Unless they are broken or
fractured, bones do not undergo significant shape changes during short periods. In human
body, there are basically two main types of bones: cortical or compact bone and
trabecular or cancellous bone. In cortical bone the pores are generated mainly because of

Volkmann’s and Haversian canals, which provide conduits for the neurovascular
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CHAPTER 1

structures while in trabecular bone the pores are generated due to the intertrabecular
marrow spaces. The cross sectional view of the human bone with cortical and trabecular
region is shown in Figure 1.1. In cortical bone the blood vessels passed through the
Haversian canal. The Volkmann’s canal starting from outer layer (periosteom) of the

bone which carries nutrients, connects the Haversian canals to form the network.

Haversian system

= Trabecular

o> bone

Cortical bone

¥ Haversian canal

Periosteum  — Volkmann’s canal

Blood vessel

Figure 1.1: Cross sectional view of human bone (www.faculty.ircc.cc )

In human body, the thigh bone is the longest bone which is also called femur
bone. Figure 1.2 shows the anatomy of human femur with different region marked
namely, proximal diaphysis, mid-diaphysis and distal diaphysis. Except proximal head
portion in the proximal diaphysis and condyle portion in the distal diaphysis, the
remaining part forms the shaft portion of the femur. The shaft portion of the femur bone
is made up of thick cortical bone and the two end namely proximal head and condyle
portion consists of trabecular bone with small cortical shell. Gross bone defects such as
large cavities post tumor operation, segmental fractures involving the shaft of a femur etc.
are some of the femur conditions that will need bone replacement surgery. Bone grafts are

preferred as replacement for damaged bone part and aid in new bone growth.
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Proximal head

(Greater Teabecular b
] rabecu one
e e with small
cortical shell
Lesser
tro ter — Proximal
diaphwvsis
Thick cortical <
bone with bone
marrow at the ,
centre I""'Ihd .
diaphvsis
Distal
Trabecular bone diaphysis
with small
ical shell
cortieal she Condyvle
Figure 1.2: Anatomy of human femur
1.2 Bone Grafting

Bone grafting is a surgical procedure that places new bone or a replacement material into
spaces between or around broken bone (fractures) or in holes in bone (defects) to aid in
healing. Bone grafting is used to repair bone fractures, that are extremely complex, pose a
significant risk to the patient, or fail to heal properly. Bone grafting is also used to help
fusion between vertebrae (bones which make up the spine are called vertebrae), correct
deformities, or provide structural support for fractures of the spine. In addition to fracture

repair, bone grafting is used to repair defects in bone caused by congenital disorders,
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CHAPTER 1

traumatic injury, or surgery for bone cancer. Bone grafts are also used for facial or cranial
reconstruction.
There are three ways that a bone graft can help repair a defect.

e Osteogenesis, the formation of new bone by the cells contained within the graft.

e Osteoinduction, a chemical process in which molecules contained within the graft
(bone morphogenetic proteins, abbreviated as BMP) convert the patient's cells into
cells capable of forming bone.

e Osteoconduction, a physical effect whereby the graft matrix configures a scaffold

on which cells in the recipient forms new bone.

The term “graft” commonly refers to an autograft or allograft. A graft made of bone
from the patient’s own body (e.g., hip bones or ribs) is an autograft. An allograft uses
bone from a cadaver, which has been frozen and stored in a tissue bank. Allografts are
used because of the inadequate amount of available autograft material, and the limited
size and shape of a person's own bone. Bones for allografts are usually available from
organ and tissues donated by healthy people who die unexpectedly. Allograft bone is
commonly used in reconstructive surgery of the hip, knee, and long bones, as well as
cases of bone loss due to trauma (physical injury) or tumors (swelling or lesion formed by
an abnormal growth of cells). To place an autograft or allograft, the surgeon makes an
incision in the skin over the bone defect, and shapes the bone graft or replacement
material to fit into it. After the graft is placed into the defect, it is held in place with pins,
plates, or screws. The incision is stitched, and a splint or cast is often used to prevent
movement of the bones while healing. After the bone graft has been accepted by the
body, the transplanted bone is slowly converted into new living bone or soft tissue, and
incorporated into the body as a functional unit. There are many drawbacks of autograft
(like additional surgery, pain, infection and availabilty) and allograft (availability,

acceptability, disease transmission) etc.

Despite the increase in the number of procedures requiring bone grafts, there is no
ideal bone graft substitute. However, there are a variety of natural and synthetic
replacement materials used instead of bone, including collagen (the protein substance of
the white fibers of the skin, bone, and connective tissue); polymers, such as silicone and
some acrylics; hydroxyapatite; calcium sulfate; and ceramics. Several new products are
available or in development. They function as bone graft substitutes or extenders.
Demineralized bone matrix (bone that has had its calcium removed) possesses some of

the properties that the body uses to induce bone formation. Calcium hydroxyapatite
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products or coral (the stony substance formed by the skeletons of marine animals called
polyps) have structures similar to bone, and act as scaffolding for new bone. Fabrication
of synthetic scaffolds from biocompatible materials and having properties (both
biological as well as mechanical) similar to human bone is an active area of research

being pursued by tissue engineering community.

1.3 Tissue Engineering and Scaffold

Tissue engineering is an emerging field and many researchers are working in applying the
principles of engineering and biology to develop tissue substitutes using living cells,
biocompatible materials and technology to restore the damaged or diseased human
tissues. The success of tissue regeneration depends on the technology to generate reliable,
fully integrated, complex, three dimensional and controlled porous structures called
scaffolds (Figure 1.3) of the exact shape and size of the replacement for body parts
(Hutmacher 2000, Hollister et al. 2002, Sun et al. 2004a). The scaffold characteristics
such as pore size, total porosity, pore shape, pore connectivity, material surface
chemistry, effective permeability and Young’s modulus will influence tissue
regeneration. Specifically the Young’s modulus and porosity of the scaffold significantly
influences the tissue regeneration. The external size and shape of the scaffold should also
confirm to the replacement for body part specific to a subject for biological and structural

acceptability.

-—

Figure 1.3: A scaffold made of synthetic bone material (www.bdbiosciences.com)
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1.3.1 Scaffold geometry

Subject specific external geometry design of scaffold is made available by using
acquisition of non-invasive image such as computed tomography (CT)/magnetic
resonance imaging (MRI) and the image processing of appropriate tissue region of
interest, followed by a 3D reconstruction of anatomical structure. It is observed that every
bone is different and for better biological and mechanical acceptability and reduced time
and improved quality of tissue generation, some important properties of the internal
structure apart from external geometry should also be customized considering race, body
built-up, age, sex and special conditions like osteoporosis etc. For example, Figure 1.4
shows the cross section of a highly porous bone of an osteoporotic (porosity is more than

normal bone) patient.

5% 4

L "c"'

A qm

Figure 1.4: A highly porous bone of an osteoporotic patient (Schroeder et al. 2005)

In order to mimic the bone environment (mechanical Young’s modulus as well as
biological structure of the bone) in the scaffold (replacement) it is significant if the
subject specific cortical porous geometry is also modeled apart from external geometry of
the scaffolds. The current way of obtaining external geometry of bone is by non-invasive
imaging (CT/MRI), image processing and reconstruction. The simplest way is by two
dimensional (2D) segmentation. Each slice is processed independently and inner and
outer contours of the region of interest are detected. The contours are stacked in 3D and
used as reference to create a solid model usually through skinning operations and the

steps are shown in Figure 1.5. First, the bone is allowed for CT scanning (Figure 1.5 a).
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After scanning, the CT dataset of the bone is obtained (Figure 1.5b). Later, the CT dataset
is used for extraction of the contours and stacked in 3D (Figure 1.5c¢). Finally, the
geometry of the bone is modeled (Figure 1.5d) through skinning (simply sketching the

boundary of the object by using the extracted contours in 3D) operations.

yyyy/

(a) CT scanning protocol

(www.synthesys.info/NADocuments)

(c) Contour extraction (d) Geometry model

Figure 1.5: Image based reconstruction of human femur from CT dataset

Even though many groups (Cao et al. 1997, Jockenhoevel et al. 2001, Hutmacher
2001, Hutmacher et al. 2001a,Yan et al. 2003 and Schroeder et al. 2005) have reported
the design and manufacturing of scaffolds with subject specific external shapes along
with intricate internal architectures, to the best of the author’s knowledge there have not
been studies on reconstructive methods for subject specific internal architecture of bone
(porosity and pore distribution) using medical imaging for scaffold design. In bone, the
internal architecture mainly depends upon the porosity due to the relative area occupied
by the pores and its size. Many methods have already been established to estimate the
cortical porosity namely, image analysis by microscopic observation, microradiograph
and micro-CT, but there have not been studies on porosity estimation from the macro-CT

dataset which can later be used for subject specific scaffold fabrication.
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1.3.2 Scaffold fabrication

The techniques currently used for the fabrication of tissue engineering scaffolds can
broadly be classified as conventional and advanced techniques. The commonly used
conventional techniques are sintering, fiber bonding, solvent casting/particulate leaching,
gas foaming, phase separation and membrane lamination. Sintering is a method for
making objects from powder, by heating the material in a sintering furnace below its
melting point (solid state sintering) until its particles adhere to each other. Fiber bonding
method include a variety of processing methods that involve the knitting of physical
bonding of fibers prefabricated by wet or dry spinning from polymeric solutions or by

melt spinning.

Fiber meshes may also be obtained in single-step methods such as electrospinning.
Polyglycolic acid nonwoven mesh has been widely used in tissue engineering studies.
These meshes are produced by extrusion of polyglycolic into fibers which are
subsequently stretched and relaxed at high temperature and finally needled to form
nonwoven mesh. In solvent casting and particulate leaching method, a polymer is
dissolved in an organic (carbon-containing) solvent. Particles, mainly salts, with specific
dimensions are then added to the solution. The mixture is shaped into its final geometry
and it can be cast in a 3D mold to produce a scaffold. When the solvent evaporates it
creates a structure of composite material consisting of the particles together with the
polymer. The composite material is then placed in a bath which dissolves the particles,

leaving behind a porous structure.

The gas foaming technique uses high-pressure CO, gas processing. The porosity
and pore structure depends upon the amount of gas dissolved in the polymer, the rate and
type of gas nucleation, and the diffusion rate of gas molecules through the polymers to the
pore nuclei. Another method is phase separation, in which the solution temperature is
lowered to induce phase seperation of the homogeneous polymer solution. The phase
separation mechanism may be liquid-liquid demixing, which generates polymer-poor and
polymer-rich liquid phases. The subsequent growth and coalescence of the polymer-poor
phase would develop to form pores in scaffold. The membrane lamination method uses
membranes previously prepared by solvent casting and particulate leaching. The
membranes with appropriate shape are solvent impregnated, then stacked up in 3D with
continuous pore structure and morphology. The bulk properties of the final 3D scaffolds

are identical to those of individual membrane. This method may allow for the
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construction of 3D polymer foams with precise anatomical shapes, since it is possible to
use computer-assisted modelling to design template with the desired implant shape. A
membrane is a layer of material which serves as a selective barrier between two phases

and remains impermeable to specific particles, molecules, or substances.

The above mentioned conventional techniques currently used for scaffold
fabrication have lack of control over the scaffold microstructure such as porosity, pore
size, shape and pore interconnectivity, which are important for the cell viability,
proliferation and differentiation. The process parameters of the conventional scaffold
fabrication technique have limited control over the external geometry and internal
architecture. Furthermore, the scaffolds fabricated by these techniques lack mechanical
strength to support the tissue during regeneration and the incorporation of toxic solvents
in the process may cause adverse tissue reaction during replacement. As conventional
techniques are deemed less than ideal for scaffold fabrications, advanced techniques that
make use of layered manufacturing (LM) or solid free-form fabrication (SFF) systems are
seen as visible alternatives for tissue engineering scaffold fabrication. Layered
manufacturing techniques are based on the integration of computers and manufacturing
systems, which enable the users to build complex structures with predefined macro and

microstructure with good accuracy and repeatability.

1.4 Layered Manufacturing

Layered manufacturing is a term which embraces a range of new technologies for
producing accurate parts directly from computer aided design (CAD) models, layer by
layer in hours, with little need for human intervention. Layered manufacturing systems
take the solid model of a part as an input and fabricate a physical model or prototype
without using tools and fixtures. Unlike forming and other subtractive processes, in LM a
part is built progressively, layer by layer. This technology is also referred to as rapid
prototyping, freeform fabrication, desktop manufacturing, model making, low-volume
manufacturing, material ingress manufacturing, etc. There are many commercially
available process and machines for layered manufacturing namely; selective laser
sintering (SLS), fused deposition modeling (FDM), stereo-lithography apparatus (SLA),
laminated object manufacturing (LOM), 3D printing (3DP), object polyjet modeling etc.
to name a few. All these processes have different part building methods, use different

materials but their over all process sequence is similar as described in the sub-section.
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1.4.1 Process sequence of layered manufacturing

The LM process starts with the creation of a solid model and ends in the finished physical

model. The process sequence of LM consists of the following tasks (Kai and Fai 1997):

Euclidean object
Geometric modeling
STL file format
Slicing

Tool path

Part building

Post-processing

The overall sequence is schematically represented in Figure 1.6 and has been discussed in

the following paragraphs.

TH-815_06610304
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Figure 1.6: Process sequence of layered manufacturing

10



INTRODUCTION

Euclidean object
Euclidean object is an object at which the position of any point can be represented by the
coordinates. Later, the dimensions are used to model the geometry of an object by

commercial solid modeling software such as Pro-E, Solid works, Uni-graphics etc.

Geometric modeling

Creating an accurate and complete solid model is a general prerequisite of LM process.
The solid model should be watertight. There are several commercial solid-modeling
packages available for developing solid models. Geometric models can also be
constructed from CT dataset, MRI and reverse engineering techniques with commercially

available software.

STL file format

Geometric data of a model is transferred from a CAD system to a LM system primarily
through the stereo-lithography (STL) file format. This format has become a de facto
standard for interfacing with LM systems. The solid model is converted into an STL
format. The STL is a faceted format and consists of connected 3D triangles representing
the part shape. The vertices of the triangle are ordered to indicate which side of the
triangle contains the part mass. The translation from CAD to LM results in loss of
accuracy as well as prone to errors. The typical errors are flipped normal, mid-line node
closure errors (holes) and truncation errors. The validity of STL file can be verified using
commercial correction software and the file can be repaired.

Slicing

Slicing is an important step in any layered manufacturing process by which the contours
of an object are extracted form the STL model. This process starts with placing the STL
file for the optimum part orientation, and extracting the slice information from it,
checking the slices for any open curves and other defects and repairing them. The
thickness of the slice is based on the available LM machine and accuracy of the part that

is to be built.

Tool path
After slicing, the tool path is generated between the external and internal contours with
constant tool path width and raster gaps (a predetermined pattern of scanning line with

some gap). The raster gap and tool path width of the machine depends upon the available
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LM machines and material that can be processed by the particular machine. Based on the
available LM machine and required part density, the raster gap is given as an input for

tool path generation.

Physical object

In layered manufacturing, the physical object is constructed by the part building process
additively layer by layer. After slicing and tool path generation, the resulting file will be
sent to LM machine for part building. The machine then builds the part described by the

file, and this process requires no or minimal human intervention.

Post-processing

In the post-processing stage, some skilled manual operations are done. These operations
include removal of supports and excess material, if any, and post-curing, if required. As
shown in Figure 1.6 the STL file is sliced for part building according to the thickness that
can be manufactured by a particular layer-manufacturing machine. Slicing results in
converting a 3D model into a set of 2D images or contours that are manufactured one at a
time in an additive manner. The boundary of the object represented by the contours has to
be filled with material and this is done by raster patterns. These raster patterns that are the
tool paths are sent to the machine in machine-readable file formats. Some of the
commonly used layered manufacturing process that can be used for the fabrication of

tissue engineering scaffold is described briefly in the following subsection.

1.4.2 Selective laser sintering (SLS) process

This process commercially developed by DTM Corporation US is a powder-based
process (schematic diagram shown in Figure 1.7). A layer of material in granular form is
spread out and leveled over the platform or the growing structure. A laser beam
selectively scans the layer to fuse those areas defined by the geometry of the 2D slice and
it fuses the layer together. The remaining infused material remains in place and acts as the
support structure. After a layer is completed the platform lowers the part by the thickness
of the layer and the next layer of powder is spread. After the part is built, the part is
removed from the loose supporting powder. The process uses many materials like

plastics, waxes, low melting metal alloys and polymer coated ceramic granules.
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Figure 1.7: Schematic diagram showing selective laser sintering (SLS) process

(www.xpress3d.com)

1.4.3 Stereolithography apparatus (SLA) process

The SLA rapid prototyping process (schematic diagram shown in Figure 1.8) was the first
entry into the rapid prototyping field during the 1980’s and continues to be the most
widely used technology. The SLA method uses liquid photopolymer resins that are
solidified by a laser. An SLA machine consists of a build platform, resin vat, recoating
blade, ultraviolet laser and a scanning device. The build platform, which moves up and
down, is suspended in the vat of resin. In an SLA, the build platform is placed slightly
under the surface of the resin and a laser beam hardens the resin when it makes surface
contact. A scanning device, which controls the laser beam, traces the first cross section of
the prototype. Once the first cross section is complete, the build platform lowers one layer
thickness into the vat. A recoating blade is then used to move the process of covering the
cross section with liquid resin. Once the first cross section is covered, the next cross
section is scanned. This process repeats until the part is complete. After completing the
part, the build platform is raised and the excess resin is allowed to drain. Depending on
the material, a post cure operation is sometimes needed to obtain the desired material

properties.
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Figure 1.8: Schematic diagram showing stereolithogyraphy apparatus (SLA) process

(www.xpress3d.com)

1.4.4 Fused deposition modeling (FDM) process

The FDM machine (schematic diagram shown in Figure 1.9) consists of a build platform,
filament feed devices, heated extrusion nozzles and a nozzle control apparatus. The whole
system is contained within a heated environment to reduce the amount of energy needed

to melt the filament at the nozzle.

Liquifier head (moves in X and Y)

X
/ Extrusion
Y
Supports

E'—'=,../ Foam slab

N

ey

Support l Build
material _— platform
(moves in 7))

pool

~— Build material pool

Figure 1.9: Schematic diagram showing fused deposition modeling (FDM) process

(www.xpress3d.com)
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The FDM process feeds filaments of build material and support material to heated
nozzles. These nozzles are used to lay down molten filaments of build and support
materials in the desired cross sectional geometries. Once the first cross section is
completed the build platform is lowered one layer thickness and the next cross section is
printed. This process is continued until the part is completed. Once complete, the part can

be taken out and any support structures can be removed.

1.5 Computer Aided Design of Porous Object

Heterogeneous object representation in CAD is required to characterize natural objects
with irregular structural heterogeneities such as bone tissues which have graded porous
structure. Many methods for compositional heterogeneity modeling have been tailored to
modeling structural heterogeneities as well. For instance, Park et al. (2001) used the
compositional gradient to represent a single material with different controlled porosities.
Some researchers have also modeled the internal architecture or heterogeneity due to
pores as special interconnected channels using CAD based cellular models, and the two
geometric models are merged using Boolean operation (Sun et al. 2005). To date, though
representing mathematically controlled and distributed porosity is available, its effective
means of transferring for LM is largely limited. To extend the capability of layered
manufacturing machines for producing porous scaffolds, a CAD system with appropriate
modeling scheme should first be developed so that users are able to design porous objects
right at the onset. Traditional CAD systems are inadequate for handling such applications
because they can only represent the geometry and topology of an object and do not have
explicit information of the material structural composition. The standard interface
between CAD software and LM machines is the STL file format. The file format transfers
the surfaces defining the boundary of the object in terms of approximating triangles. The
front end software of the LM system imports this data and develops the required process
plan data like contours at each layer and raster patterns for the machine head. Since
traditionally only geometry is modeled, the STL data format was sufficient. In order to
additionally transfer material structural data apart from geometry, new format of data
transfer and processing that will include material structural information (porosity) is

required.

Since porous scaffold being a class of heterogeneous objects (structural), computer

aided design (CAD) and computer aided manufacturing (CAM) of the same pose new
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challenges. Traditionally for homogeneous material objects only CAD representation are
carried out. In order to fabricate the porous tissue engineering scaffold the CAD system
must fulfill additionally the following requirements:
e (apacity to represent geometry, topology and material information such as
porosity, density and Young’s modulus etc.
e (apacity to represent the complex geometry and variation in material
information for each point in space domain.
® Representation should retrieve the material information accurately and

effectively.

Volumetric modeling scheme can be used to model such porous objects.
Volumetric modeling for creating material representation is based on two broad classes of
representation schemes namely evaluated and unevaluated models. Evaluated models are
inexact and represent the discrete, approximate objects of interest. Unevaluated models
generally do not involve intensive spatial decompositions or discretizations, and
theoretically, can provide sufficient fidelity in geometries and material distributions. In all
of these methods a point P; is represented in homogeneous co-ordinates P; (x;, yi, zi, m;)

where (x;, y;, z;) are locations in space and m; denotes the material compositions.

Voxel based models come under evaluated models and represents a heterogeneous
material object as collection of cells. Each voxel in space represents a small cube in space
with a specific material distribution. Medical data and CT data are examples of voxel-

based models. The voxel based representation can be generally formulated as:

0={V,}={(x yiziomp}, 1<i<n (1.1)
where, V; is a representative voxel of heterogeneous object O, (x;, y;, z;) are voxel location
space and m; denotes the material compositions and n is the total number of voxels.
Heterogeneous material objects can also be represented as collection of sub volumes
defined by polyhedrons and each having a mathematical interpolation function defining

the material distribution as a function of material composition of the polyhedral vertices.

Contrary to the evaluated models, which rely on intensive space subdivisions,
unevaluated models, utilize exact geometric data representations and rigorous functions to
represent the material distributions. Data representations include boundary representation
(B-rep), constructive solid geometry (CSG), analytical modeling based on tensor product

solid patches. Unevaluated models are compact, concise, and mathematically rigorous.
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Zhu et al. (2006) represented heterogeneous material distribution using analytic function.
The material composition at position (x, y, z) in Cartesian coordinates was represented
with an explicit analytic function V = f (x, y, z). Advantage of the explicit functional
model is the material interrogations can be extremely fast and efficient, because
evaluations of analytic functions are rather trivial for modern computers. Siu and Tan
(2002) proposed the concept of “grading source” to represent functionally graded material
distributions. The grading source is defined as “the origin of grading”. The material
distributions are represented with analytic functions, with the distance from the point to
the source feature as the variable. Another scheme is control point based model and can
be regarded as a direct extension of parametric curves, surfaces and volumes, with
additional material information placed at each of the control points. As an example

heterogeneous object can be represented with a B-spline volume

n m [
Vu,vw)=2 X 2 N; ,w)N; , (V)N ,(WF, ;, (1.2)
i=0j=0k=0

where, P;jr = (xijk Yijk Zijk Mijr) are the control points for the heterogeneous object
volume, N;,, N;, and Ni, are the p", g™ and " degree B-spline functions defined in the
u, v and w parametric directions respectively. Control point based models are compact in
both geometry and material representations. Given the parametric coordinate (u, v, w) the
material composition of a point can be integrated. Model can effectively represent
complex 2D and 3D material distributions. Main drawback of this model is that it relies
heavily on parameterizations and for arbitrary 3D objects such parameterizations remain a

rather non-trivial task.

In conclusion, evaluated models rely heavily on space subdivision. The appealing
properties are that local material compositions could be represented with explicit
enumerations. Representation capacities of evaluated models are inexact and incompact.
The accuracy of these models is resolution and granularity dependent and the memory use
is also huge. They are not suitable for material composition manipulations. Unevaluated
models are relatively more compact and exact in data representations. Control feature
based models utilize features that carry engineering significance to aid definition of

heterogeneity.
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1.6 Finite Element Analysis for Bone and Scaffold Studies

Finite element method (FEM) is a numerical method to solve a set of differential
equations. Applications of FEM range from deformation and stress analysis of
automotive, aircraft, building, bridge structure to the analysis of the human bone

structure. The general finite element method includes the following steps:

1. Pre-processing: In this step, the geometry of an object is discretized into a number of
small elements. The elements can be of different shapes. Each element is characterized by
its number of points called ‘nodes’ present in the element. Complete system of elements
is called mesh and the process of generating the elements is called mesh generation.
Based on the requirements, the type and shape of an element will be decided. If the
element type is 2D, triangular element, quadrilateral element are some of the choices. If
the element type is 3D, tetrahedral element, hexahedral element, wedge element are some
of the choices. Depending upon the type and shape of an element, the shape or
interpolation function is used to interpolate the nodal values of any element to any other

point within each element.

2. Elemental equations: In this step, algebraic equations are obtained for each element.
For a structural analysis problem, the following equation represents an elemental stiffness

matrix with a combination of deflection matrix and load vector.

[k 1 {u, } ={F} (1.3)

where, [k, ], {u, } and {F,} are the elemental stiffness matrix, elemental deflection vector

and elemental load vector, respectively. For homogeneous material the Young’s modulus
for all elements will be same. So, in the stiffness matrix, the deflections at each node of
an element and edge length of elements (if the element size is varying based on the mesh
requirement) are the variable. But, in the case of an inhomogeneous material, material

properties are also a variables in the stiffness matrix of an element.

3. Assembly: In this step, the elemental stiffness equations of all elements are assembled
to obtain a global system of equations. First, the elemental equations of all elements are
individually computed then it is added to obtain the global elemental equations. The
following example represents the global system of equation by considering the elemental

equations of an object.

[KI{U} = {F} (1.4)
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n

[K]= D" [k, ]ei=1,2,3,...n (1.5)
i=1

{U}:i [, 1o i=1,2,3,...n (1.6)
i=1

{F}:i [F, 1o i=1,2,3,...n (1.7)

i=1
where [K], {U}, {F} and n are the global stiffness matrix, global deflection vector, global

load vector and total number of elements respectively. Here, [ke,. 1q . [“e,. o and [F e 1e

represents elemental stiffness matrices, elemental deflection vectors and elemental force

vectors expressed in global form.

4. Boundary conditions: In this step, the assembled global system of equations is
modified by inserting required boundary conditions. Based on the degree of freedom of

an elemental node and the application, the boundary condition is applied.

5. Solution: In this step, modified global system of equations which is obtained after
applying the boundary condition is solved by numerical methods like Gaussian

elimination.

6. Post-processing: In this step, secondary quantities such as stresses and strains are
computed from the obtained displacement vector. In order to find out these secondary
quantities, the shape functions or interpolation functions are used to interpolate the nodal

displacements of any element to any point within each element.

Finite element analysis (FEA) is recently finding wide application in the study of
mechanical response of human bone structures under physiological loading. Three
dimensional finite element stress analysis can be used to provide a complete description
of the stress field in a bone. This information is considered by a number of researchers as
a key factor for understanding bone functional behavior in many research and clinical
applications. Fracture risk assessment, design and validation of prosthetic implants are an
example of the possible applications of the three dimensional finite element analysis in
clinical studies. The behaviour of bone structures depends on their shape and size, as well
as on the mechanical properties. Some of the major problems related to 3D modeling of
bones are the accurate measurements and assessment of the geometric and mechanical
properties. Various methods to generate finite element model of a bone structure have

been proposed and reported in the literature (Huiskes and Chao 1983). In the early period
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the methods used for bone geometry and mechanical properties were inaccurate and
sometimes highly invasive and destructive. More recently, Marom and Linden (1990)
stated many of the advantages of using CT scans in bone modeling. Computed
tomography systems have the capability of measuring the linear attenuation of the tissues
under examination. In general the linear attenuation of a material is not directly related to
its density. In the particular case of living tissues, however, the relationship between CT

numbers and tissue density is monotonic and, linear (McBroom et al. 1985, Rho et al.

1995 and Ciarelli et al. 1991).

1.7 Summary

Treatment of large bone defects such as cavities that result by removal of benign tumor
using conventional techniques like bone cementing, autograft etc. has several
disadvantages. Tissue engineering has shown great promise in repairing such cavities in
bone, diseased and large fractured bone. The bone tissue engineering uses scaffolds that
fill the defect, stimulate new bone tissue growth and get resorbed over time as they are
replaced by newly formed bone. The scaffolds for bone tissue engineering should
consider the functional requirement such as the external shape of replacement, porosity
for vessel and nutrient conduit and Young’s modulus in order to avoid stress shielding
(without distributing the stress to surrounding) and to stimulate growth of the new tissue.
Image based 3D reconstruction using CT images provide accurate information about bone
geometry, the radiographic density reported in the CT images can be related to the
mechanical properties of bone, and moreover CT scanning is a mildly invasive routine
diagnostic method which permits the modeling of human bones in-vivo. Layered
manufacturing has shown great promise in fabricating porous bone scaffold. Bone tissue
engineered scaffolds for femoral bones have a very wide application owing to the nature
and frequency of damage to femur bone. The present work is motivated towards
development of a biomimetic design and LM of patient and site specific controlled

porosity scaffolds for repair and regeneration of bone with suitable mechanical properties.
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LITERATURE REVIEW AND SCOPE OF THE PRESENT WORK

Treatment of large bone defects such as cavities that result by removal of benign tumor
using bone cement has several disadvantages (Kenny and Buggy 2003). An autograft,
which is the best option for treatment has a limited availability and is thus suitable only
for small defects. Moreover a graft does not provide the required strength for early
loading (Ben-Nissan 2003). Tissue engineering has shown great promise in repairing such
cavities in bone, diseased and large fractured bone. The bone tissue engineering uses
scaffolds that fill the defect, stimulate new bone tissue growth and get resorbed over time
as they are replaced by newly formed bone. In tissue engineering, the successful function
of scaffold used for replacement of the body part depends upon the characteristics of
tissue regeneration, the technology used for design and fabrication, the integrated and
three dimensional porous structure of the scaffold (Hutmacher 2000, Hollister et al. 2002,
Sun et al. 2004a). The scaffold used in bone tissue engineering should bear the load
imposed during and early recovery period without collapsing and the Young’s modulus of
scaffold should be equal or slightly less than the surrounding bone so that stress shielding
(without distributing the stress to surrounding) is avoided. These constraints demand that
the scaffold have an internal structure with channels and interconnected pores to help
suitable mechanical attachment and biological environment for cell proliferation, tissue
regeneration and nutrient flow (Vuola 1998, Chu et al. 2002, Taboas et al. 2003, Sun et
al. 2004b). This chapter reviews the literature available on tissue engineering scaffold
materials, design, analysis and methods for fabrication. The chapter concludes by
identifying the scope for the present work and an envisaged research methodology to

accomplish the objectives of the present study.

2.1 Computer Aided Scaffold Design and Manufacturing

Utilization of computer-aided technologies in tissue engineering research and
development has resulted in better integration of advances in biology, biomedical

engineering, information technology, and modern design and manufacturing.

Technologies such as computer aided design (CAD), medical image processing, computer
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aided manufacturing (CAM), and solid free-form fabrication (SFF) are applied for
biological modeling, biophysical analysis and simulation, and design and manufacturing
of tissue and organ substitutes (Sun et al. 2004a, 2004b, 2005). One important issue in
scaffold construction is its geometry which should be exactly fitted into defect region of
the body part. At present, image based reconstruction and reverse engineering techniques
are used for design of subject specific external geometry of scaffold from non-invasive
image such as computed tomography (CT)/magnetic resonance imaging (MRI)
(MIMICS® (8)). The inner and outer contours of region of interest are detected by
processing each slice individually using two dimensional (2D) segmentation. The first
version of the public domain solid model called ‘Standardized Femur’ was created by a
similar approach (Viceconti et al. 1996). In the other way, three dimensional (3D)
segmentation using the standard marching cube (SMC) algorithm (or derived methods) is
a widely used approach (Lorensen and Cline 1987). This approach allows the automatic
extraction of iso-density surfaces from a 3D data set. The extracted surface is a collection
of a set of connected triangles (or also called as the tiled surface). Some researchers have
also modeled the internal architecture or heterogeneity due to pores as special
interconnected channels using CAD based cellular models, and the two geometric models

are merged using Boolean operation (Sun et al. 2005).

Detailed control over microstructure fabrication is readily attained only through
SFF techniques and several authors have reviewed the advantages of SFF techniques that
are currently in use (Hutmacher 2000, Landers et al. 2002, Sachlos and Czernuszka 2003,
Sun et al. 2005) for fabricating scaffolds. In addition to external geometry, the scaffold
should also be customized with internal architectural properties such as suitable porosity,
pore size and pore interconnectivity. Recently, few researchers have used stochastic
geometry to model porosity and pore size distribution for manufacturing tissue engineered

scaffolds (Schroeder et al. 2005, Sogutlu and Koc 2007).

2.2 Human Bone Properties for Subject and Site Specific Scaffold Design

The mechanical properties of femur bone vary with individual (McCalden et al. 1993)
and with location for an individual (Cuppone et al. 2004). The scaffold design thus should
consider this subject specific and regional variation of Young’s modulus of the bone. The
bone properties like its strength and porosity have to be estimated to provide suitable

design inputs for the design of scaffold with suitable Young’s modulus and internal
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architecture. The porosity of bone is the volume fraction of bone that is not occupied by
bone tissue. The Haversian and the Volkmann’s canals generate pores in the cortical bone
(Marotti and Zallone 1980). The general orientation of Haversian system varies within
and among bones, and it is believed that this variation reflects the prevailing mechanical
stiffness (Petrtyl e al. 1996). The relative area occupied by these pores, cortical porosity,
is an important parameter affecting the mechanical properties of cortical bone (Currey
1988 and Currey 2002). Further, it has been demonstrated that the cross-sectional spatial
arrangement and dimensions of cortical pores influence the risk of fracture (Yeni et al.
1997, Yeni and Norman 2000). Several approaches for the prediction of cortical bone
strength have been described, most of them using cortical bone mineral density (BMD) or
measures of cortical porous geometry (Louis ef al. 1995, Augat et al. 1996). However,
low correlation coefficients have often been reported between cortical bone strength and
BMD (Snyder and Schneider 1991, Stromsoe ef al. 1993). It has also been reported that
small changes in porosity or density of cortical bone exert a more pronounced influence
on its stiffness than would similar changes in trabecular bone (Schaffler and Burr 1988,
Snyder and Schneider 1991). Thus, in order to mimic the environment (Young’s modulus
as well as biological structure) of the replacement it is significant if the subject specific
cortical porous geometry is also modeled apart from external geometry for further

processing and manufacturing of tissue engineered scaffolds.

Many researchers have studied the bone porosity estimation mainly using micro
computed tomography («CT) scan data. Cooper et al. (2004, 2007) compared the uCT
and microradiograph measurements of cortical bone porosity. Wachter et al. (2001a)
established porosity estimation by pCT scan and its relation with the porosity of
histological section. Basillais et al. (2007) used uCT for three dimensional
characterization of cortical bone microstructure. Thomas et al. (2005) used
microradiographs to find the regional variation in intracortical porosity in the mid-
diaphysis of the human femur. Wang and Ni (2003) used low field pulsed nuclear
magnetic resonance (NMR) approach to determine the cortical bone porosity of human
bone. Many researchers also used 4CT for estimating porosity for biomedical applications
involving human mandibular bone (Renders et al. 2007), calcium phosphate ceramic
implant (Yeung et al. 2007). But to date analysis of porosity in cortical bone and its
correlation with macro-CT scan and its uses in non-invasive image based reconstruction

of subject and site specific bone engineering scaffolds is largely limited.
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2.3 Scaffold Materials and Fabrication

Many natural material such as collagen and chitin, and synthetic biomaterials such as
hydroxyapatite (HA) (Lorenzo et al. 2001, He et al. 2008), tricalcium phosphate (TCP)
ceramics (Lin et al. 2008) have been widely and successfully used as scaffolding
materials because of their good cell-tissue biocompatibility and processability. The
polymer/inorganic composites such as polycaprolactone (PCL) (Williams er al. 2005),
poly (ethyl-acrylate) (PEA) (Estelles et al. 2007), poly-DL-lactic acid (PDLLA) (Lu and
Mikos 1999, Middleton and Tipton 2000, Yang et al. 2001), polylactic acid (PLLA)
(Middleton and Tipton 2000, Yang et al. 2001), polyglycolic acid (PGA) (Lu and Mikos
1999, Yang et al. 2001, Ramakrishna et al. 2004), poly (lactic-co-glycolic acid) (Seal et
al. 2001), poly (propylene fumarate) (PPF) (Seal et al. 2001, Gunatillak and Adhikari
2003), polyhydroxyalkanoate (PHA) (Doi et al. 1995) have been widely used as scaffold

materials due to their biodegradability.

Scaffolds can be fabricated using a variety of conventional and unconventional
techniques. The conventional techniques such as fiber bonding (Wang et al. 1993,
Brauker et al. 1995), phase separation (Lo er al. 1995, Ma and Zhang 1999), solvent
casting/particulate leaching (Mikos et al. 1993, Mikos et al. 1994, Holy et al. 2000) are
used for the fabrication of polymeric scaffold. Though polymer scaffold have good
potential due to excellent resorbability and degradability, their mechanical properties and
load bearing capability limits the application. Other conventional techniques such as
sintering for HA (Jin et al. 2000), calcium metaphosphate (Lee at al. 2001),
hydroxyapatite/tricalcium phosphate (Zhang et al. 2001), glass (Gong et al. 2001),
bioglass (Yuan ef al. 2001) and salt-leaching method for tricalcium phosphate (Barralet
2002) have been widely used for fabrication of ceramic scaffolds which can be used in
load bearing site. Conventional techniques used for scaffold fabrication rely heavily on
user skills and experience such that there is a poor repeatability in between users. The
processing parameters involved in the conventional fabrication techniques are
inconsistent and inflexible to control which results in poor macro and micro structural
properties in the scaffold. The main drawback in using conventional techniques is the
limitations for producing scaffold with simple geometry which may not satisfy the

geometrical requirements of a defect region.
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The integration of computer aided technologies with manufacturing systems
enables to fabricate the object with macro and micro-scale features suitable for
customized scaffold by SFF. The SFF also known as layered manufacturing (LM)/rapid
prototyping (RP) allows to fabricate the scaffold with suitable microstructure such as pore
size, porosity, pore morphology and 100 % pore interconnectivity. The main advantages
of using SFF techniques in scaffold fabrications are achieving custom specific design,
computer controlled fabrication, control over micro architecture and adjustable processing
conditions (Leong et al. 2003). Layered manufacturing of tissue engineering scaffolds
with reproducible and irregular internal structures is obtainable, giving control over pore
size, shape, interconnectivity and porosity (Hutmacher 2000, Sun et al. 2005). The
process such as fused deposition modeling (FDM) (Hutmacher 2000, Hutmacher 2001,
Hutmacher et al. 2001a, Hutmacher et al. 2001b, Zein et al. 2002), shape deposition
modeling (Marra et al. 1999), 3D printing (3DP) (Wu et al. 1996, Zeltinger et al. 2001),
multi-nozzle freeform deposition (Sun and Lal 2002, Wang et al. 2004, Sun et al. 2004a)
and selective laser sintering (SLS) (Hollister ef al. 2002, Williams et al. 2005, Lin et al.
2008) have been widely and successfully used for the fabrication of scaffold. Many
groups have developed scaffold materials in grades and forms suitable for LM. Also, they
have developed the modified existing systems such as precision extrusion of porous
PLLA (Xiong et al. 2001), precision deposition system for PCL and PLGA (Kim et al.
2008) to process the same. Selective laser sintering process has been extensively studied
and biocompatible materials developed for fabricating tissue engineering scaffolds in
various biopolymers like polyethereketone (PEEK), poly (vinyl alcohol) (PVA), PCL,
PLLA and bioceramics like HA (Tan et al. 2005). Several studies have been done to
obtain optimum biocomposite blends using material combinations in SLS process like
PVA/HA (Chua et. al. 2004) and PCL/HA (Wiria et al. 2007). Yildirim er al. (2008)
reported a LM technology-based precision extrusion deposition process to manufacture
PCL scaffolds and their surface treatment with a plasma source for enhanced osteoblast
cell adhesion and proliferation. Kang ef al. (2009) combined a microstereolithography
technique with molding technology to fabricate a 3D scaffold using PCL and calcium

sulfate hemihydrates.

The important factor in tissue regeneration using scaffolds is the pore size (Boyan
et al. 1996, Yang et al. 2001, Zeltinger et al. 2001, Hollister et al. 2002). Some literature

reports optimal pore size for bone cell ingrowth as 50 pm and higher (Chang et al. 2000),
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a minimum of 200 um (Klawitter 1979), 300-400 pm (Kuboki et al. 1998) and around
500 um by Gauthier (1998). Another aspect to be considered for tissue regeneration is
resorbability. Various studies suggest a feature thickness of 200 um as maximum size for
resorbability (Teitelbaum 2000, Woesz 2008). There are no conclusive studies and

agreement.

2.4 Scaffold Degradation

Scaffold degradation is the gradual breakdown of a material mediated by a specific
biological activity such as tissue growth. The rate of tissue growth should ideally match
the rate of biodegradability to transfer the load carrying capacity from the deteriorating
scaffold to the strengthening yet developing tissue without adversely affecting the
integrity. A higher or a lower rate of degradability when compared to tissue regrowth has
a drawback due to unbalance. A higher rate of degradability will induce more than a
sustainable force on the developing tissue and result in bad structural viability. While a
lower rate could shield the tissue from the necessary forces. So, in order to balance the
degradation of scaffold during bone regeneration process, experimental studies have been
conducted by many researchers. Porous biodegradable synthetic materials such as calcium
phosphates, poly (lactic acid) (PLA) and poly (glycolic acid) (PGA) are tested as implants
for the regeneration of damaged and diseased tissues (Baksh er al. 1998, Lu et al. 2000,
Kikuchi et al. 2002). The synthetic biodegradable calcium phosphate ceramics for bone
tissue regeneration include hydroxyapatite (HA), B-tricalcium phosphate (B-TCP) and
calcium polyphosphate (Baksh et al. 1998, Pilliar et al. 2001, Kikuchi et al. 2002). The
ratio of calcium/ phosphorous in calcium phosphates can be varied from 1.5 - 2 to
produce compounds such as calcium tetraphosphate, hydroxyapatite (HA) and tricalcium
phosphate (TCP) in order to balance scaffold degradation and bone regeneration. The
degradability of calcium phosphates generally varies with the calcium/ phosphorous ratio,
with the highest being of TCP that usually results in the most extensive bone remodeling
around the scaffold (Jarcho 1981, Klein et al. 1984, Klein et al. 1990, Tas et al. 1997).

Among these bioceramics, HA and f -tricalcium phosphate ( #-TCP) are most widely

used since they allow osteogenesis (process of laying down new bone material by bone
forming cell) to occur and form tight bonds with host bone tissues (Ducheyne and de

Groot 1981). Tadjoedin et al.(2000) and Suba et al.(2006) found that calcium phosphate
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and hydroxyapatite (HA) based materials, such as bioactive glass and tricalcium
phosphate (TCP) degrade by chemical dissolution with osteoclasts (bone cell that
removes bone tissue) playing only a minor role. This finding is in agreement with the
results obtained by Knabe et al. (2008). Some authors (Schepers et al. 1991,
Mastrogiacomo et al.2007) reported that scaffold biodegradation occurred mainly as
result of an osteoclastic (bone resorption) activity. Schenk (1991) and Rumpel et al
(2006) found that biodegradation occurred by osteoclastic activity is to be preferred to
create optimal surfaces for colonization by osteoblasts (cells that are responsible for bone
formation) and vascular tissue (related to blood vessels). Sanz-Herrera et al. (2009) shows
an increasing rate of bone regeneration with increasing scaffold mean pore size.
Concerning an ideal scaffold, the degradation behavior of the specifically designed

scaffold in addition to porosity, pore size and mechanical properties are to be studied.

2.5 CAD for LM of Porous Scaffold

In a layered manufacturing process, the layer thickness 7, the raster pattern (a
predetermined pattern of scanning line with some gap) and the width of the raster tool
path w are parameters that control the porosity of the deposited volume (Masood et al.
2005). The volume and porosity of material deposited in a particular slice can thus be
controlled either by changing w or by raster tool path density. The tool path width w
depends on the LM system hardware, as an example, in case of FDM it depends on the
nozzle size and in case of SLS it depends on laser beam diameter. Though SFF techniques
have control over macro and micro structure of the scaffold, there are no methods
reported that can vary the volume of material being deposited or cured at different
location and there by create location controlled porosity in the fabricated scaffold.
Literature reports methods for creating porous geometry using LM, though these methods
either require special geometric data to be modeled in CAD (Armillotta and Pelzer 2007)
or there is no local control in heterogeneity of porosity (Masood et al. 2005). In order to
create such location controlled porous scaffolds, initially a CAD model with location
controlled porosity have to be evolved and then methods for transferring the same to LM

needs to be developed.

Computer aided design and computer aided manufacturing of porous objects pose

new challenges. The representation and modeling schemes have been a primary focus of
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recent research in heterogeneous objects design and fabrication. Kou and Tan (2007)
reported modeling both “compositional variations/distributions” as well as “‘structural
heterogeneities”. Two modeling schemes namely evaluated and unevaluated models have
been used in representing material information in the heterogeneous objects. The
appealing properties of evaluated models are that local material compositions could be
represented with explicit enumerations. The accuracy of these models is resolution and
granularity dependent and the memory use is huge. Voxel based evaluated models
(Chandru et al. 1995, Chen and Tucker 2000, Chen et al. 2000, Todd 2000, Park et al.
2001, Shin 2002, Cho and Ha 2002) represents the heterogeneous objects as collection of
voxels with each voxel having a specific material distribution data. Unevaluated models
generally do not involve intensive spatial decompositions/subdivisions or discretizations,
and theoretically, can provide sufficient fidelity in geometries and material distributions
(Liu 2000, Huang et al. 2002, Siu and Tan 2002, Biswas et al. 2004, Cho and Shin 2004,
Liu et al. 2004, Zhu 2004, Kou and Tan 2005, Samanta and Koc 2005).

Control feature based method is also one type of unevaluated representation
method. Here material composition of a given point is defined in terms of some
quantitative properties (e.g. the Euclidean distance) of the point with respect to the control
features or form features with known or predefined material distributions (Siu and Tan
2002, Biswas et al. 2004, Liu et al. 2004, Samanta and Koc 2005). By evaluating the
distances to the control features, the material composition at a specific location can be
evaluated. Control point based model (Huang et al. 2002, Cho and Shin 2004, Kou and
Tan 2005) can be regarded as a direct extension of parametric curves, surfaces and
volumes, with additional material information placed at each of the control points. B-
spline and Bezier volumes are mainly used in representing heterogeneous objects. Control
point based models are compact in both geometry and material representations. Models
can effectively represent complex 2D and 3D material distributions. Main drawback of
this model is that it relies heavily on parameterizations and for arbitrary 3D objects such

parameterizations remain a rather non-trivial task.

To summarize, evaluated models are not suitable for material composition
manipulations. Unevaluated models are relatively more compact and exact in data
representations. Control feature based models utilize features that carry engineering
significance to aid definition of heterogeneity. To characterize natural objects with

irregular structural heterogeneities, such as bone tissues, bamboo etc. heterogeneous
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object representation using control points seems to be feasible. Many methods for
compositional heterogeneity modeling have been tailored to model structural
heterogeneities as well. For instance, Park et al. (2001) used the compositional gradient to
represent a single material with different controlled porosities; Huang et al. (2002) and
Wang and Wang (2005) showed that material composition modeling approaches can also
be applied to structural modeling by taking voids as a special material. Also, according to
Cho and Shin (2004) the microstructure of general heterogeneous material is very
different at each scale level and at the macroscopic level the volume-fractions can be used

to represent the microstructure of the heterogeneous object.
2.6 Finite Element Analysis of Bone and Scaffold

Prediction of mechanical response of the human bone implanted with scaffolds as
substitutes to physiological loading condition is important for analysis of the scaffold
design. Cleynenbreugel (2002) proposes a method for biomimetic design optimizing the
mechanical properties of the scaffold for trabecular bone replacement using a finite
element (FE) based approach. A generic bone defect site may be trabecular or cortical or
a combination of both. To predict the mechanical response, the accurate modeling of the
same is necessary before assigning material properties, loading and boundary conditions
for FE simulation. The exact geometrical modeling of the whole or damaged part of the
human body is tedious in nature due to the complexity in shape, limitations in modeling
software and difficulties in obtaining exact dimensions of the damaged part at the defect
site. Currently, non-invasive imaging such as CT/MRI is widely used for 3D modeling
and finite element analysis of the human bone. Several authors (Taddei et al. 2004,
Hernandez and Keaveny 2006, Bevil er al. 2006) have used CT dataset of the human
femur to model and to predict the mechanical response such as stresses and strains by FE
approach. Taylor (2006) and Haider et al. (2006) have used CT data set to model
geometry for load transfer related to fixation and repair. The model of the femur
constructed from the CT dataset has also been used to predict the fracture risk of the bone

(Keyak et al. 2001, Perillo-Marcone et al. 2003, Keyak and Falkinstein, 2003).

Several authors (Bentzen et al. 1987, Hvid et al. 1989, Snyder and Schneider 1991,
Keller 1994, Rho et al. 1995, Carter and Hayes 1977, Hernandez et al. 2001, Morgan et
al. 2003) have used the relation between CT number in Hounsfield unit (HU) and

apparent density in g/crn3 to predict and to assign Young’s modulus of the bone subject
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specifically. Before estimating Young’s modulus, the CT number is linearly correlated to
apparent density by proper calibration method. Later, the relation between apparent
density and Young’s modulus established by various authors are used to assign the
Young’s modulus for each element of the finite element model. Many authors (Keller
1994, Carter and Hayes 1977, Wirtz et al. 2000, Cody et al. 2000) used a relation between
Young’s modulus and apparent density to predict the mechanical response of the bone.
The difference in Young’s modulus assignment by different relation for FE analysis gives
a difference in stresses and strains prediction. Mupparapu et al. (2006) examined the
effects of different HU-Young’s modulus relationship on predicted strain of proximal
tibia and found a large difference in assignment of modulus and its resulted displacement
and strains. A study by Rho er al. (1995) shows that the relationship between Young’s
modulus and apparent density for cortical region is poorer than for the trabecular region
of the bone. Dong and Guo (2004) established a relation between Young’s modulus and
cortical porosity. In conclusion, the estimation of Young’s modulus from cortical bone
porosity for cortical bone and from apparent density for trabecular bone is a useful way to
utilize the same for inhomogeneous material property assignment for realistic simulation

of the bone and scaffold to predict the mechanical response under physiological loading.

2.7 Scope and Objectives of the Present Work

The complexity of architecture and the variability of properties of bone tissue (e.g.
porosity, pore size, mechanical properties, mineralization or mineral density and cell
type), as well as differences in age, nutritional state, activity (mechanical loading) and
disease status of individuals establish a major challenge in fabricating scaffolds and
engineering bone tissues that will meet the needs of specific repair sites in specific
patients. The present work envisages a method for biomimetic design and analysis for
manufacturing of femoral bone scaffolds with subject specific external geometry as well
as controlled porous internal structure that will be defect site specific for enhanced
biological as well as mechanical activity for bone growth. In order to realize the over all

research objective the following sub-objectives have been identified.

e Development of an overall framework for design and manufacture of personalized

bone tissue engineering scaffold with controlled architecture.
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e Methods and models for 3D reconstruction of subject specific human femoral
bone model with cortical porosity data using non-invasive CT dataset.

e Design procedure and data model for tissue engineering scaffolds with location
controlled porous architecture for chosen biomaterials so as to match Young’s
modulus site specifically with the reconstructed femoral bone model.

e Data processing, transfer methods and formats for layered manufacturing of
location controlled porous scaffolds.

¢ Finite element analysis to predict the stress and strain developed in the femur with

these designed scaffolds and to compare the same with the healthy femur.

A research methodology accomplishing the objectives and scope identified for the

present work is shown schematically in Figure 2.1.

Initially, a method for reconstruction of external geometry incorporating bone
porosity by using a macro CT dataset is proposed. In order to accomplish this an
experimental study involving CT scanning and histological examination is performed on
four cadaver femurs, and statistical studies are performed to extract meaningful
correlations between the CT dataset and the porosity properties such as percentage of
porosity, pore size and its variation as well as its probabilistic distribution. Subsequently,
a CAD model of scaffold with site-specific porosity is derived from the reconstructed
femoral bone model. The main objective here is to control the porosity of the scaffold
structure for a chosen synthetic biomaterial so as to match its Young’s modulus with that
of the bone site, subject to constraints on pore sizes for biological activity and LM
fabrication limitations. A novel tool path generation method for LM of porous object is
developed for downstream LM of the scaffold. A three dimensional FE analysis of
healthy bone and bone with defect site replaced with designed scaffold is used to
understand the mechanical behavior for assessing the scaffold design subject to
constraints in LM (Finite element analysis module in Figure 2.1). This module
interactively chooses scaffold materials with different theoretical Young’s modulus till

the scaffold sufficiently mimics the actual bone.
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Figure 2.1: Schematic diagram showing the proposed research methodology.
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The details of the research methodology including the materials, methods, results
and discussion are presented in subsequent chapters. In Chapter 3, a method for
reconstruction of the subject specific human femoral bone model from macro-CT dataset
is proposed. Chapter 4 presents a novel methodology for layered manufacturing of
location controlled porous objects. Chapter 5 presents a biomimetic approach to design
and layered manufacturing of site specific personalized bone tissue engineering scaffold
with controlled internal architecture. In Chapter 6, a finite element based approach to
evaluate mechanical behavior of porous bone tissue engineering scaffold with an iterative
process to choose suitable scaffold material and process parameters of the LM machine is
proposed. Finally, Chapter 7 concludes the work with a note on limitations and future

scopes.
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RECONSTRUCTION OF SUBJECT SPECIFIC HUMAN FEMORAL
BONE MODEL

Tissue engineered scaffold used for replacement of the damaged human body part
requires customized external geometry and internal architectural properties to fulfill the
requirements for the biological and mechanical activities. Currently, the non-invasive
image such as computed tomography (CT)/magnetic resonance imaging (MRI) is widely
used to model only the customized external geometry of the defect region of the body
part. Apart from the external geometry of the scaffold, if the internal architecture is also
modeled, one can control the internal architecture in the fabrication process to replace the
defect region with suitable properties. In order to customize the internal architecture of
the scaffold, proper estimation of bone porosity and pore size is essential. In the present
study only cortical porosity of the femoral bone (mainly the diaphysis) is considered.
Here the aim is to estimate the internal architectural properties particularly porosity using
the CT number of the commercially available medical scanner. Additionally, there is
interest in comparing the present method using relatively low resolution clinical image

29

and ‘“‘true’’ cortical morphology as estimated by higher resolution methods and
subsequently use stochastic geometry to model the pore morphology for tissue
engineering applications. These estimated properties can be made available as additional
data pertaining to internal structure along with external geometry data to facilitate subject
specific scaffold fabrication by solid freeform fabrication (SFF) techniques using
biomaterials which offer better prospective for tissue regeneration. Case study is

presented to illustrate the approach.

3.1 Materials and Methods
3.1.1 Specimen and CT data sets

For the present study, four femurs of adult male cadaver bone specimens, harvested fresh
(freshly removed) were obtained from Department of Anatomy, Guwahati Medical
College, Guwahati, India. Clinical and radiographic examination of the femurs with the

help of physician did not reveal any bone disease. The complete length of the specimens
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was CT scanned using a Siemens Sensation 40® scanner axially from femoral head to
condyle. The specimen scan parameters were set at 129 mAs, 0.60 mm slices, 512x512
matrix and pixel size of 0.201 mm. Finally, voxel data sets of 512x512xn (number of
pixel in x-direction X number of pixel in y-direction X number of slices in z-direction) was
generated corresponding to n slices. The number n depends on the length of the femoral
bone, which varies subject specifically. For the present study, the number of slices
obtained from the four cadaver femurs considered is 725, 700, 690 and 698 respectively.
Three dimensional (3D) geometrical models of the femur were generated from the CT
scans. After segmentation of the CT slices, geometrical models were created and saved as
stereo-lithography (STL) file using commercial software Mimics®. This software allows
loading the CT data in digital imaging and communications in medicine (DICOM) format

and visualize, segment and create STL files of the geometric models created.
3.1.2 Histological sections

To correlate the cortical bone porosity with the CT numbers and to account for variation
in porosity longitudinally along the diaphysis axis, histological sections were prepared
representing various bone segments such as femoral head, neck, diaphysis (proximal,
mid-diaphysis and distal) and condyle as shown in Figure 3.1. In the present study, the
femur bone segments were embedded in polymethylmethacrylate and allowed to harden
in the rectangular moulds with reference axes for alignment and identification of the same
region in microscopy and CT data set for porosity correlation. Standard practices such as

grinding and polishing of specimen for microscopic examination were followed.
3.1.3 Measurement of cortical porosity

The histological sections were examined under Zeiss 400® optical microscope interfaced
with an image analysis computer tool. The magnification was set at 5X and regions of 1
mm?” were sampled for porosity estimation. To have better correlation and to account for
variation in porosity across the transversal section from bone marrow to surface, three
samples were taken along a radial direction from the inner to outer cortical bone surface.
Eight samples were taken in each transversal section considering the four quadrants

namely lateral, anterior, medial and posterior regions as shown in Figure 3.2.
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Figure 3.1: Location of histological sections of human femoral bones under study.

The cortical porosity as an area fraction of the pores in each mm? was computed
using image analysis by selecting appropriate image threshold so as to demarcate the pore
and the remaining region. The co-ordinate location of the samples is also noted to
correlate the location in the CT data. The average diameters of porous structures in
human bone range from approximately 30 um for Haversian canals, up to 400 um for
resorptive spaces (Wachter et al. 2001a). To analyze pore size and its distribution, range
of pore sizes from 0 - 500 um were identified and their percentage composition was
observed and noted based on image analysis for each histological section. All image
analysis was aided by image processing tools offered by front end software Zeiss 400

3.0® of the optical microscope.
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Figure 3.2: A histological section and sampling regions for porosity measurement.

3.1.4 Computation of mean CT number

A CT number is a number which is assigned to each voxel of the CT dataset during the
scanning process. The size of the voxel in the CT dataset depends upon the resolution of
the CT scanner and slice thickness. For the present study, the resolution of the CT scanner
considered is 200 um and the sampling size in microscopy is 1 mm”. To obtain the
correlation between cortical porosity computed from microscopic examination and CT
data, mean CT number corresponding to 25 pixels constituting 1 mm? of the sample is
computed. The mean CT number (in Hounsfield Units (HU)) is obtained from the CT
data using Mimics®. This software provides tools to visualize, locate and pick a set of
pixels corresponding to the area of interest and obtain the CT numbers in HU. Figure 3.3
a - ¢ shows representative CT slices and their corresponding HU profile across the
sections from inner to outer cortical surface. The arrow in Figure 3.3 a - ¢ indicates CT
number variation in HU with respect to distance in mm of proximal diaphysis, mid-

diaphysis and distal diaphysis of the femur respectively.
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(c) HU profile across the CT slice of the distal diaphysis of the human femur

Figure 3.3: A representative CT slices and HU profiles across the sections obtained

using Mimics® GUI.
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3.1.5 Statistical methods

The correlation between the mean CT number obtained from CT data and the % cortical
porosity computed from histological samples is obtained using statistical procedure in
which #-test and ANOVA test are used. To have better correlation and to study the
variation in porosity along the axis of the femur bone as well as across the transversal
section from bone marrow to surface, separate correlation models were developed. Two
set of correlation were developed, one corresponding to the porosity variation across the
bone transversal section, by classifying all the porosity data collected, into three ring sets
namely, interior (close to marrow surface), intermediate and exterior cortical region
(close to external bone surface) and the other set corresponding to variation along the axis
of the diaphysis as identified in section 3.1.2. Regression models were developed between
CT data (CT number in HU) and the cortical porosity p. (%) as observed from
histological section. Linear regression models of the form,

y=ax+b+¢& 3.1

were used to describe the correlation parameters. Here, y is the variable corresponding to
cortical porosity p. (in %) and x corresponds to mean CT number (in HU units) and the
parameters a and b are the regression co-efficients and € is the residual error. The
correlations were evaluated using coefficient of determination R> which indicates how
much of the total variation in the dependent variable can be accounted by the regression
model. In order to calculate the R* value, residual sum of square (SSR) and error sum of
square (SSE) are computed. The details of statistical computation are discussed in
Appendix Al.2. The standard error o of the estimate was calculated for each correlation
to evaluate the accuracy of the prediction. The significance of the parameters is validated
using analysis of variance (ANOVA) (Frank and Althoen 1994 and Ross 2004). Initially a
t-test is done, which tests the probability P(z) of the chosen parameters to take zero value.
If the P(¢) is close to one, the chosen parameter is not significant. Later the over all
significance of the regression model is tested using the F-test which considers the mean
sum square residual error as well as the variance of this error. This test checks the
probability P(F) of at least one of the parameters not equal to zero. If the P(F) is close to

zero, the chosen regression model is significant.

The test of hypothesis used to find out the significance of the parameters in the
regression model is discussed in Appendix Al1.2.2 and Al.2.3. The method of
constructing the ANOV A table and their significance is described in Appendix A1.2.4.
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The parameters of the regression models are estimated with a 95 % confidence limit. The
sensitivity of the developed correlation models to noise in the input data was analyzed. To
quantify sensitivity, a Monte Carlo simulation method with 5 % noise in the CT values
was employed. A Monte Carlo is a method for iteratively evaluating a deterministic
model using sets of random numbers as inputs. This method is often used when the model
is complex, nonlinear or involves more than just a couple of uncertain parameters. The
local sensitivity index is computed as the percentage difference in porosity estimated
under the noise for a chosen CT number. A global sensitivity index is derived as a range
from the local sensitivity index computed for sample CT numbers in the complete range.
The distribution of porosity values behaves stochastically owing to the fact that pores are
distributed involving a natural mechano-biological process (Mow and Huiskes 2005).
Probabilistic model of distribution of cortical porosity is developed in this work using
probability density functions (PDF). Probability density function for continuous random
variable is a function that assigns a probability density to each and every value of the
random variable. The method of computing probability density function is discussed in
detail in Appendix A1.3. The functions of the form ‘gamma’ are found to best represent

the probabilistic variations of natural bone porosity. The form of this PDF function is,

5 p. 16

Pe
k. k-1 €€
P(pcl Spc Spcz)_ p,c"l pc QkF(k)

dp, (3.2)

where, P(pc1 <p < pcz) describes the probability of porosity p. (in %) to take values
between Pe, and Pc, - Here, k and @ are the shape and scale parameters defining the

PDF model. The shape parameter defines the shape of the probability distribution and the
scale parameter is a parameter which spreads out the distribution. The distribution of pore
size is also critical, since the mechanical strength and biological activity is critically
correlated to the pore size. Statistical models of pore size distribution were developed in

the range of 0 - 500 ym using PDF function of ‘lognormal’ form as,

_ )2
dy, ] (lndpzﬂ)

Pla, <d,<d, |= [ ——e¢ 2 ad (3.3)
(pl p pz) djl dpo_m p

[7
were chosen since these were found to best model the pore size distribution (Wang and Ni

2003). Here, P(d p, < d,<d v, ) describes the probability of pore diameter d, (in um) to
take values between d p, and d b, Here, o and u are the parameters defining the PDF

model. o indicates standard deviation of the distributed pore size values and u indicates
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mean of the distributed pore size values of the PDF. The validity and significance of the
parameters of these PDFs are evaluated using goodness of fit Kolmogorov-Smirnov test
(Kirk 1999, Lawson and Erjavec 2002 and Ross 2004) which tests whether the data
follows the specified distribution. For a given level of significance ¢, the value ‘D’
returned by this test should be less than some critical value available in statitistical tables
and is discussed in detail in Appendix Al.3.1. For 95 % confidence (5 % level of
significance) the tests were done. The results are expected to be conservative since more

than one distribution parameters are estimated.

3.2. Results and Discussion

In order to estimate the porosity properties of the cortical bone of an subject specific
femoral bone from macro CT data, this study provided the relationships between the CT
number and the porosity properties, like percentage of porosity, pore size, its variation as
well as its probabilistic distribution. This will be helpful in automatic subject-specific
modeling and manufacturing strategy for femoral scaffolds. An experimental study was
performed on four cadaver femurs and statistical studies performed to extract meaningful
correlations. The study was conducted excluding the influence of the individual cadaver.
Though, it is well understood that the variations among the femurs are inherent and

significant, this partially provides standard errors in the correlation models.

3.2.1 Preliminary analysis

Figure 3.4 - 3.7 shows representative images of microscopic examination of four cadaver
femur’s histological sections as considered in Figure 3.1. Since, in the femoral neck
region (Figure 3.4a, Figure 3.5a, Figure 3.6a and 3.7a) the cortical bone thickness is less,
the section could not be further classified as interior, intermediate and exterior cortical
regions. Preliminary investigation shows that the pore size shows variation as one moves
from one region to other along the diaphysis as well as from interior to exterior cortical
region (Figure 3.4 b - d, Figure 3.5 b - d, Figure 3.6 b - d and Figure 3.7 b - d). The
sections corresponding to femoral head and condyle showed very less cortical bone

region with predominant spongy tissue and thus were not studied.
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(b) Representative histological section for proximal diaphysis of the human femur 1.
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(d) Representative histological section for distal diaphysis of the human femur 1.

Figure 3.4: Optical microscopy of histological sections of femoral bone 1.
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(d) Representative histological section for distal diaphysis of the human femur 2

Figure 3.5: Optical microscopy of histological sections of femoral bone 2.
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(d) Representative histological section for distal diaphysis of the human femur 3

Figure 3.6: Optical microscopy of histological sections of femoral bone 3.
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(d) Representative histological section for distal diaphysis of the human femur 4

Figure 3.7: Optical microscopy of histological sections of femoral bone 4.
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The CT scan resulted in CT numbers in HU as a voxel data. In general the CT numbers
corresponding to bone region varied between 500 - 1800 HU with most of the data lying
in the range of 1000 - 1500 HU. These are consistent with the general understanding and

clinical observations of the femoral bone reported in literature.

3.2.2 Correlations between mean CT number and cortical porosity

Figures 3.8 and 3.9 show the correlation established between mean CT number and
cortical porosity with determination coefficients R* ranging from 0.76 to 0.95 with
predominant P(7) < (0.001 to 0.01). The % porosity decreases with increase in mean CT
number. The measurements of cortical porosity and mean CT number of all the four
femur bone considered in the present study is tabulated in Table A1.2 in Appendix
A1.2.5. The relation between CT number and tissue density is monotonic and linear
(McBroom et al. 1985, Rho er al. 1995 and Ciarelli er al. 1991). Also the correlation
models using polynomial, exponential and power law relation resulted in parameters with
poor significance (P(f) > 0.1) linear regression model was selected to describe the
correlation parameters. The first set of ANOVA evaluated the effect of transversal
location (interior, intermediate and exterior ring) on porosity. Figure 3.8 shows the
correlation between the mean CT number and the histological porosity as occurring in
interior, intermediate and exterior cortical regions of the femoral bones. The statistical
measures and validity of the correlation models were tabulated in Table 3.1. First,
predominant porosity values were in the range, 5 - 15% and some regions showed
porosity upto 35%. The interior ring region shows higher porosity (upto 35%), compared
to other region. Secondly, since there is no marked difference in correlation with mean
CT number for porosity values (even though there are differences in the range) between
interior and exterior values, the corresponding data was pooled to give the modified
correlation model for cortical porosity (in %) (p. = —0.045 HU + 72.19, R*=0.88 and P(1)
< 0.001) and for the intermediate ring region a linear correlation model for cortical
porosity (in %) (p. =—-0.015 HU + 28.88, R*=0.93 and P(#) <0.001) is obtained. The two
correlation models could be attributed due to some artifacts produced by the CT imaging
system like partial volume, due to the averaging process in computing mean CT number.
In the case of higher resolution CT some of these artifacts could be averted. These
artifacts in the macro CT are to some extent nullified in the present work using two
separate correlation models. CT number was quantified: the standard error of the estimate

associated with the prediction of porosity, reached a maximum of 2.3 %.
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Figure 3.8: Correlations for CT number and cortical porosity across the transversal

section of femoral bones (P(7) < 0.002).
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Figure 3.9: Correlation for CT number and cortical porosity along the diaphysis axis for

femoral bones (P(7) < 0.01).
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The sensitivity of the developed correlation models is also shown in Table 3.1. In order to
compute the sensitivity of the model, 5 % noise was added to the actual CT number and
then the corresponding porosity was calculated using the correlation model developed
between cortical porosity and CT number. For example, Table 3.2 shows computation of
sensitivity of porosity for sample CT number with 5 % noise for the interior region of the
femur based on the correlation model developed. The sensitivity of the model due to
noise in the CT number is calculated as,

absolute (porosity for measured CT (%) - porosity for CT with noise (%)) y

Sensitivity index = 100

max (porosity for measured CT (%), porosity for CT with noise (%))

(3.4)
where, porosity for measured CT and porosity for CT with noise represents porosity
computed for the given CT number and porosity computed for the CT number with noise
respectively. The models corresponding to interior and exterior region are more sensitive
to noise in data than the intermediate region. This could be attributed to the averaging
process, which is more sensitive at the boundaries of the bone tissue. The second set of
ANOVA evaluated the effect of longitudinal location (head to condyle) on porosity and is
shown in Table 3.3. Table 3.3 shows the correlation between the mean CT number and
cortical porosity as occurring in neck, proximal, mid and distal diaphysis of femoral
bones. The statistical measures and validity of the correlation is also tabulated in Table

3.3 with sensitivity index.

Table 3.1 Statistical correlation between mean CT number and % cortical porosity ‘p.’

across the transversal section of femoral bones

Mgl Error Validation Test Global
Region Parameters Measures Sensitivity for
a b R | o P(t) P(F) | 5% noise (%)
Interior | -0.044 | 71.89 | 0.92 | 221 | <0.002 | <0.01 45 115
Intermediate | - 0015 | 28.83 | 0.93 | 1.40 | <0.001 | <0.01 28-6.5
Exterior | -0.045 | 72.64 | 0.85 | 2.30 | <0.001 | <0.01 47117
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Table 3.2 Sensitivity calculation for sample CT number with 5% noise

Mez(ujs;red I-II\:[s izls:)lriec(:ll Computed | CT number pg;)(:gilt); t(elg) Sensitivity
S.No number poros%ty porosity | (HU) with 5% for CT index
(%) noise number (HU) (%)
(HU) (%) with noise

1 1060.53 22.20 24.28 1091.21 22.88 5.76
2 1367.54 6.85 10.28 1398.22 8.88 13.60
3 1250.11 8.26 15.63 1280.78 14.23 8.94
4 1467.05 6 5.74 1497.72 4.34 24.34
5 1299.30 12.44 13.39 1329.97 11.99 10.44
6 1439.15 7.3 7.01 1469.82 5.61 19.93
7 1445.29 7.1 6.73 1475.97 5.33 20.76
8 1205.80 17.69 17.65 1236.47 16.25 7.92
9 1466.60 7 5.76 1497.27 4.36 24.26
10 1434.57 7.9 7.22 1465.25 5.82 19.35

Table 3.3. Statistical correlation between mean CT number and % cortical porosity ‘p.’

along the diaphysis axis for femoral bones

%o Model Error Validation Test Global
Diaphysis Cortical Parameters Measures Sensitivity
Section porosity 2 for 5%
(range) < b I o P@) P(F) noise (%)
Femoral
neck 6.7—-259 | -0.042 | 68.00 | 095 | 0.10 | <0.001 | <0.01 24-47
(section 2)
Proximal
diaphysis | 4.7-222 | -0.040 | 6498 | 0.76 | 2.20 | <0.01 | <0.01 | 46-119
(section 3)
Mid-
diaphysis | 7.1 -33.8 | -0.035 | 59.20 | 0.94 | 0.13 | <0.001 | <0.01 34-6.7
(section 4)
Distal
diaphysis | 4.7-352 | -0.047 [ 76.23 | 091 | 0.15 | <0.001 | <0.01 48-7.6
(section 5)

The porosity values of the proximal diaphysis were lower than the values of the

distal diaphysis for the same mean CT number (as large as 4 % for certain range of CT

numbers) and is shown in Table 3.3. The standard deviation in porosity is relatively large

in the proximal diaphysis (2.2 %). This is expected as among femoral specimen, the

proximal region shows more age related changes in porosity (McCalden et al. 1993). The

four ANOV As of this set indicated that mean CT number is significantly correlated with

the porosity values for the individual sections (R* ranging from 0.76 to 0.95 with
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predominant P(f) < 0.001 to 0.05), There is no significant difference observed in
correlation (though there are differences in range) between the diaphysis sections. Thus
the corresponding data were pooled to give only one correlation model for cortical
porosity (in %), (p. = —0.0362 HU + 59.96, R* = 0.94 and P(f) < 0.05). Figure 3.9 shows
the correlation along with the data points. The standard error of the estimate associated
with the prediction of porosity, reached a maximum of 1.2 %. The model corresponding
to proximal diaphysis is comparatively more sensitive to noise in data than the other
regions of the diaphysis (Table 3.3). Again, this could be attributed to large variation in
porosity in proximal diaphysis (McCalden et al. 1993).

3.2.3 Probabilistic distribution of cortical porosity

The correlation between mean CT number and % porosity cannot be a deterministic one
owing to the fact that pores are distributed involving a natural mechano-biological
process and also the accuracy of measured CT number is affected by attenuation and
other artifacts. The standard error of the estimate associated with the prediction of the
porosity is due to the inherent variation brought about by the subject specimen. Since the
correlation model developed is for the mean CT number, a probabilistic model will tend
to remove the artifact caused by the averaging process. A probabilistic model of
distribution of porosity was developed to account for the same. This model was
developed by pooling all the experimental data (porosity from histological sections)

corresponding to all sections including interior, intermediate as well as exterior data.

This pooled data set for porosity along with corresponding CT numbers was
divided into groups corresponding to CT increments of 100 HU in the range of 900 - 1600
HU. Probability density functions (PDF) for % porosity were developed corresponding to
each of these groups. Table 3.4 provides the PDF models developed and model
parameters. Porosity distribution corresponding to CT numbers in the range 1000 - 1500
followed a ‘gamma’ PDF with test statistic (D < 0.02). Significance of these models for
the ranges 900 - 1000 HU and 1500 - 1600 HU are relatively little poor with test statistic
(D > 0.02), and this could be attributed to minimal data in these ranges. These models
will be used in conjunction with the correlation models analyzed in section 3.2.2 for
modeling porosity from CT data for scaffold fabrication which will be discussed in

section 3.3.
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Table 3.4 Probabilistic distribution of % cortical porosity for femoral bones

Porosity (%), Model
CT number Probability Density Function ‘Gamma’ Parameters
(HU) k, 6
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Porosity (%), Model
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3.2.4 Probabilistic distribution of pore size

All the experimental data (pore size and number of pores obtained from cross sections)
corresponding to each section (neck to condyle) as shown in Table 3.5 was analyzed for

modeling pore size distribution.

Table 3.5 Pore size obtained in different region of the four femur bones

Number of pores obtained in different regions

Pore size

(um) Femoral P.roxime.ll ] Mid . .Distal . Total

neck diaphysis | diaphysis | diaphysis

<50 57 103 . 45 238
50 - 100 59 57 45 44 205
100 - 150 22 17 19 9 67
150 - 200 2 10 7 3 22
200 - 250 1 1 3 2 7
250 - 300 1 4 3 0 8
300 - 350 1 1 2 1 5
350 - 400 0 1 0 0 1
400 - 450 1 0 1 2 4
450 - 500 1 0 0 0 1

All pores with diameter < 50 um were classified together, due to resolution limitation.
Pores sizes observed were predominantly distributed in the range of 50 — 200 um. This
agrees with the understanding that intracortical canals normally have a size > 30 ym upto
400 um (Wachter et al. 2001a). Thus pore sizes were classified in the range of 0 - 500 ym
and PDF for pore size distribution were developed corresponding to each of the region
along the femoral axis. The pore size distribution along the diaphysis section is shown in
Figure 3.10. Table 3.6 provides the PDF models developed and model parameters. Pore
size distribution corresponding to each region along the femoral axis followed a ‘log
normal’ PDF with test statistic (D < 0.01). Significant differences in distribution were not
found between segments, though the proximal and mid diaphysis showed similar
distribution. These models will be used in conjunction with the correlation models

developed in section 3.2.2 for modeling porosity from CT data for scaffold fabrication.
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Table 3.6 Probabilistic distribution of pore size (in m) for femoral bones
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Figure 3.10: Cortical pore size (in gm) distribution for femoral bones.

3.2.5 Results comparison

The experimental measurements in the current study may have been disturbed by some
artifacts produced by the CT imaging system. The exact location of bone sample in the
CT-scan slices for the mean CT number calculation remained complicated despite all
photographs and reference axes used during the cutting protocol. These limitations are
inherent to the CT technique and it would have affected all the specimens in the same
way. Since the correlation model developed is for the mean CT number, the averaging

process creates an artifact.

A probabilistic model is chosen in combination with this correlation model to
partly nullify the effects of this artifact. These can partly explain uncertainties in the
relationships obtained between CT number and porosity properties, but the overall
correlation, distribution are in accordance with some literature reports. The range of
cortical porosity for femoral bones evaluated using uCT and histology, by Wachter et al.
(2001a) falls in the range of 5 - 30 % and Cooper et al. (2004) using u radiography
evaluated porosity in the range of 3 - 15%. These studies support the present
observations. The range of values for % porosities observed in various sections along the

diaphysis axis is in good agreement with Basillais ef al. (2007) using uCT that reports a
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range of 0 - 6.5 % for proximal, 3 — 18 % for mid-diaphysis, around 40 % for distal
diaphysis. Again the pore size distribution found in the present study is in agreement with
Basillais et al. (2007) using uCT and histology, where 35 % of pores were reported to be
less than 40 um and in the present study approximately 45 % of pores falls less than 50
um. Some studies (Keller 1994, Rho et al. 1995) already found relationships between CT
data and the mechanical properties. Relevant results were obtained for the cancellous
bone, but only few results were published for the cortical bone. If one correlates the
porosity inversely to the mechanical properties like Young’s modulus (Wachter et al.
2002), some comparison of the present work can be done with the reported literature. A
significant correlation is indicated (Wachter et al. 2001b) for the bone Young’s modulus
as well as for the ultimate strength (R* = 0.45 and 0.52, respectively) in the transverse
direction. Regarding the cortical bone properties in the femoral main axis, significant
difference was found between the values in the distal and the proximal diaphysis, as
indicated by previous studies (Keller et al. 1990, Cuppone et al. 2004). These studies
support the present observations of cortical porosity and its regional variation modeled

and correlated with mean CT number.

3.3 Case Study

The method developed to estimate the cortical porosity of femoral bones from
commercial CT imaging can be used for 3D reconstruction of subject specific femoral
bones. For the present case, a test study is conducted on an adult male long bone, and CT
imaging from the commercial scanner resulted in 725 slices. After segmentation of the
CT slices, the geometrical model was created and saved as STL file using commercial
software Mimics® (Figure 3.11a). The voxel data 512x512x725 were used to establish
mean CT number for the segmented region. A mean CT number was computed by the
averaging process and from the correlation curves (Figure 3.8 and 3.9) the % porosity p.
is estimated. The mean porosity is calculated for a cell block 1.4 mm x 1.4 mm, later the
probabilistic distribution curves developed (Table 3.4) were used to assign porosity
values for the voxels in a cell as per the user defined voxel resolution. This is done by
doing a Monte Carlo simulation using the PDF specific to the particular porosity range.
For this example the resolution was kept as 1 mm and thus the resulting 3D data was a
voxel data 128x128x363 with elements containing porosity values (in %) for the

segmented voxels. One representative slice of this data corresponding to the mid
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diaphysis section is shown in Figure 3.11b with dark regions indicating less porosity.
Once the % porosity is known at any given region, pore size distribution is computed. Let
us consider a cell block of area A in a slice, m different sizes of pores in the range of O -
500 pym, with mean radii of pores r;, i = 1,2,...m, for reconstruction. Let the percentage of
number of pores N; with respect to total number of pores N corresponding to the size r; be
Xi,

N.
.:—l, .:1’2,,,, 3.5
X N i m 3.5

]

Using stochastic geometry for modeling accounting for probability of the overlapping of
the pores (Schroeder et al. 2005, Sogutlu and Koc 2007), the porosity can be expressed
as,

p=A, (1-OF)/A, with A, = fxi (7’ )N (3.6)

i=1

where, A, is the area of pores and OF is the overlapping factor in the range0 < OF <1.
This is a probabilistic quantity that is expressed in terms N; and r; following a specific
distribution (Sogutlu and Koc 2007). Stochastic geometry is significant when scaffolds
are fabricated by processes like sintering where it is impossible to control the pore
location, number of pores and their sizes but it can be expressed in terms of a
probabilistic model which will be useful to control the porosity in the fabrication process
statistically by optimizing the process parameters. This is true for SFF processes based on

selective laser sintering which posses the potential to process biomaterials.

(a) STL model of the human femur under (b) A single slice (at mid diaphysis) with
study. location controlled porosity (light region
upto 16% porous).

Figure 3.11: A subject specific femur reconstruction.
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The values of x; which indicates percentage of number of pores required in the

particular size is found by doing a Monte Carlo simulation using the PDF specific to

particular diaphysis section (Table 3.6). Thus the Equation (3.6) is solved for N and later

using Equation (3.5) N;s are determined. A graphical representation of the randomly

located pores in a cell block of 1 mm resolution corresponding to four regions of the mid

diaphysis for this example is depicted in Figure 3.12 (a —d).

(a) 14 % porous region.

® % -
o

(b) 12 % porous region.

o
o .%°
e -

(c) 8 % porous region.

(d) 16 % porous region.

Figure 3.12: Stochastic geometry of cell blocks for Imm 2 area of the mid diaphysis of

the femur.
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As an illustration consider 14 %, 12 %, 8 % and 16 % porous region of the mid-
diaphysis of the femur. The required pore size distribution for 14 % porosity with OF =
0.1 is 15, 16 and 3 computed for the size range < 50 ym, 50 - 100 ym and 100 - 150 um
respectively as shown in Figure 3.12a. Consider the cell with 12 % porosity as shown in
Figure 3.12b. The pore size distribution determined with OF = 0.1 is computed as 1, 8
and 16 for the size range < 50 ym, 50 - 100 ym and 100 - 150 um respectively. Figure
3.12c shows a cell block with 8 % porosity. The pore size distribution determined with
OF = 0.1 is computed as 5, 8 and 3 for the size range < 50 ym, 50 - 100 gm and 100 - 150
um respectively. Finally, Figure 3.12d shows a cell block with 16 % porosity. For this
case, the pore size distribution determined with OF = 0.1 is computed as 12, 15 and 5 for

the size range < 50 um, 50 - 100 gm and 100 - 150 ym respectively.

3.4 Conclusions

The correlations, stochastic distribution functions developed predict the porosity and pore
size distribution from the CT numbers without user defined parameters. These
correlations are in good agreement with other studies based on uCT. The example case
study taken up, illustrated the complete methodology of reconstructing geometry as well
as the significant internal architecture in terms of porosity that mimic the environment of
the replacement for subject specific femoral bones. In this reconstruction methodology no
special geometric data to be modeled in CAD and only statistical models are used to
represent the heterogeneous internal structure patterns. Since in the present work the
internal porosity is not represented using a geometric structure it does not results in huge
CAD files. The processing time is not significantly increased when compared to the
current methods of image based CAD reconstruction (only to model the external
geometry). This is due to the fact that the additional data processing for internal
architecture is based on a statistical correlation model developed offline. The additional
computational expense only depends on the user specified voxel resolution for the model
being reconstructed. For the example case study with a voxel resolution of 128x128x363,
the computational time for determining the porosity and pore size distribution for single
slice is 25 minutes using Matlab® code in a desktop PC with 1 MB RAM and P4 3 GHz
processor. Processing times can be reduced further using a more efficient code along with

higher computing hardware capabilities. These characteristics of the present work provide
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a significant advancement towards representation scheme for heterogeneous fabrication
of bone replacement and tissue scaffolds using a CAD and SFF route. The present
mathematical models for correlation and stochastic distribution that have resulted from
limited set of experimental data needs further work to quantify the accuracy of the
proposed method by considering a wider data of human femoral bones from different age,
sex, ethnicity and lifestyle. The present work will form a basis for developing a novel
protocol to model reconstruction of tissue engineering scaffolds with subject specific

internal micro architecture.
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A METHOD FOR LAYERED MANUFACTURING OF POROUS
OBJECTS

The design and fabrication of porous objects like scaffolds pose new challenges in terms
of CAD modeling and layered fabrication. To extend the capability of layered
manufacturing machines for producing porous objects, a CAD system with appropriate
modeling scheme to transfer porosity data apart from geometry, slicing and raster (a
predetermined pattern of scanning line with some gap) tool path generation which will
depend on the porosity information is required. The present work describes a framework
and its associated procedures that envisage accomplishing the same. Though literature
reports methods for creating porous geometry using layered manufacturing (LM), these
methods either require special geometric data to be modelled in CAD or there is no local
control in heterogeneity of porosity. This chapter describes the approach proposed in the
present work for LM of porous objects using an appropriate modeling scheme, a pre
processing algorithm for slicing and a raster tool path generation based on the porosity
information. Initially an overall framework of modeling and data transfer that includes
controlled porosity information apart from the external geometry of porous objects and its
transfer for LM is presented. A novel raster path generation methodology using space-
filling fractal curves for LM of porous models is presented later. Specifically, the
geometry and space filling characteristics of fractal curves are studied for application to
raster tool path generation in LM. Finally, boundary constrained raster patterns are
generated based on the surface geometry. The resulting data can be translated into a
machine language file that can be imported by an LM system. Case studies are presented

to illustrate the efficacy of this approach.

4.1 Relevant Work

Literature reports various LM techniques to manufacture local composition controlled
objects (Jackson et al. 1999, Cho et al. 2001, Shishkovsky 2001, Sun et al. 2004c) tailored
to achieve the required hardness, toughness, magnetic properties etc. in LM system. Patil
et al. (2002) have discussed the issue of extending the standard for data transfer to LM for

heterogeneous objects. Advanced tissue scaffolds with specific designed properties have
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also been fabricated by some authors (Yan et al. 2003, Schroeder et al. 2005, Armillotta
and Pelzer 2007, Shor et al. 2007). Schroeder et al. (2005) prepared the heterogeneous
object models for human tissue, composites, smart and multi material objects. In these
objects, surface, internal and volumetric properties are varied using stochastic geometry
within the domain. Armillotta and Pelzer (2007) prepared a special geometric data for LM
of porous artifacts by adding a porous structure to the geometric model of tissue in
polygon format that can be sliced and raster tool paths generated. One disadvantage in
representing the internal porosity using a geometric structure is that it results in huge
files. In a LM process, the layer thickness ¢, the raster pattern and the width of the raster
tool path w are parameters that control the porosity of the deposited volume (Masood et
al. 2005). The volume and porosity of material deposited in a particular slice can thus be
controlled either by changing w or by raster tool path density. Changing tool path width
dynamically is not possible in all kinds of LM hardware. Thus to vary the volume fraction
or porosity of material being deposited in a unit area and there by to control the porosity,
location controlled density raster tool paths are proposed using fractal curves in the
present work. Fractal curves have been studied for raster tool path generation in LM by
Soo and Yu (2003), Yang et al. (2003) and Ma and Bin (2006). Soo and Yu (2003) have
developed a Radial-Annular Tree data structures to represent self-similar objects. They
proposed a system that represents the fractal objects through iterated function systems
fractal curves. Ma and Bin (2006) have done analysis on temperature and stress
distribution variation by using different scan path in LM and proposed that the distortion
can be reduced by using fractal scan paths. In conclusion, the literature reports methods
for modeling heterogeneous objects and some issues of creating the same using LM.
There have been limited studies in creating objects with heterogeneous porous structures
using LM. Some notable limitations of these methods are that either they require special
geometric data to be modelled in CAD (Armillotta and Pekzer 2007) or there is no local
control in heterogeneity of porosity (Masood et al. 2005). To date, though representing
mathematically controlled and distributed porosity is available, its effective means of
transferring for LM is largely limited. In the present work a novel raster tool path
generation methodology using space-filling fractal curves for LM of porous models is
presented that overcomes these limitations. Though fractal geometry has been studied
earlier for the tool path application, there have not been extensive studies that report their

applicability for LM of porous objects. In the present work, the geometry and space
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filling characteristics of fractal curves are studied for application to raster tool path

generation in LM of porous objects.

4.2 Methodology

The LM process for homogeneous parts starts with the creation of a solid model and ends

in the finished physical model. Geometric model data is transferred from a CAD system

to a LM system primarily through the stereo-lithography (STL) file format. This part

building process starts with slicing of the STL file to extract the contour information from

it, adding the part-building parameters like the raster tool paths and sending the file to the

LM machine. The overall methodology proposed to create location controlled porous

scaffold by varying the raster tool path pattern and density is schematically illustrated in

Figure 4.1.
CAD Model (S) with material
porosity information
Solid/Surface Model | ,........ .al Solid/Surface Porosity €eeeeecnnes
from CAD software Model (G) Model (M)
1
|
v 1
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Slicing of Models with user Input,
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Figure 4.1: Proposed methodology for LM of porous object.
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In the proposed methodology, the solid model (S) of a porous object contains two

types of information:

1. Geometrical model of the object (G)

2. Material porosity model for the object (M)

The overall process of converting the solid model S to tool path specification for LM is
done separately for the geometric model G and the material porosity model M and finally
the information is merged to give the tool path. The information processing for the
geometric model G is as per the existing route i.e. creating model in CAD software,
convert to STL and then slice the same using the front end software of the LM machine.
The procedures for information processing for material porosity model M have been
developed in this work and algorithms implemented in Matlab® programming

environment. The following sub-sections describe the methodology in detail.

4.2.1 CAD model with location controlled porosity data

This is the initial step for representing material information, in this case the controlled
volume fraction or porosity at any point inside the domain of the object say S. The
geometrical model G of the object that stores the object boundary in terms of surfaces can
be created by any of the existing commercially available solid or surface modeling
software. The second part M that describes the material porosity variation for the object
cannot be created by currently available commercial solid modeling packages. In the
present approach, this information is created as a background model external to the solid
modeling software. The background model provides only material volume fraction
information. The domain of the background model is chosen such that it completely
envelopes the geometrical model under consideration. In the present case the material
porosity model M is a voxel based model. For the three dimensional (3D) reconstruction
of femur bone this volumetric data is derived from the CT scanning data using the
correlation model (p, = —0.0362 HU + 59.96 ( %)) developed in Chapter 3. Here, the CT
number of the each voxel is used to obtain the porosity data from the correlation model.
The final model of an object S is the intersection of G and M. This intersection is not done
at this stage and the data pertaining to G and M are separately available in the same co-

ordinate system.
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4.2.2 Slicing and tool path generation

Slicing is the first step in part building by any LM process. The 3D solid model has to be
converted into a series of two dimensional (2D) slices (contours representing boundaries)
depending on the slice thickness ¢ specified by the user. Since in the present approach any
solid S is composed of geometric model G and material porosity model M, this step is
performed separately for these attributes. Slicing of the geometrical model G is done by
the currently available process route. Here the geometry G created in a solid modeling
software is converted into STL file and then sliced with the front end software of the LM
system to give series of 2D contours (GC;, i = 1,2,...n). The material porosity model M
has to be sliced external to this process route and this yields 2D material porosity
contours (MC;, i = 1,2,...n). A slice of the material porosity model specifies the material
porosity variation for the corresponding slice from geometry i.e., for an i slice, GC;
specifies the boundaries and MC; specifies the material porosity variations. The material
porosity contours MC; are generated from the material model M by slicing this evaluated

volume at the required Z level.

The tool path for LM consists of the boundary contour and the raster tool paths
(for filling). This step is different from the currently existing process route where the user
cannot vary the raster tool path density inside the domain as function of location. In the
present approach for an i slice the material porosity contour MC; specifies the raster tool
path and its density at any given location. The boundaries of the raster tool paths are
defined by the geometric contour GC;. In the present work a novel method of generating
controlled density raster tool paths using continuous space filling fractal curves have been
proposed. The theory of space filling fractal curves and the methodology of obtaining
controlled density boundary constrained raster tool paths are described in the following

sections.

4.3 Geometry of Space Filling Fractal Curves

In 1890, Peano discovered a densely self-intersecting curve which passed through every
point of the unit square. This was the first example of a space-filling curve. The space-
filling curve is always self-intersecting, although the approximating curves in the
sequence can be made to be self-avoiding. Fractal geometry can be mathematically

generated by starting with a very simple pattern that grows through the application of
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rules. Recursive techniques based on well-defined grammar (a set of rules and symbols)
are used in generating fractal curves. A Lindenmayer or L-system system is a formal
grammar (a set of rules and symbols) and turtle graphics representation are used to

generate self-similar fractal curves as described in Appendix A2.

A space-filling curve is associated with a finite domain in an N dimensional
Euclidean space. In 2D the space is bounded by a square and without loss of generality
the intervals [0 1] by [0 1] can be taken. Consider the example of the Peano space-filling

fractal curve. The grammar in L-system is as following (Hanan et al. 1996),

variables: L, R

constants: F, +, —

start: L or R

rules: . - LFRFL-F-RFLFR+F+LFRFL
R— RFLFR+F+LFRFL-F-RFLFR

It starts with L or R as starting string and, a starting point and angle O are
specified. For each level, terms of L and R are replaced by the corresponding set rule.
Finally only the terms F, +, - are interpreted for the turtle graphics and the terms L and R
is erased. Here, F means “draw forward”, + means “turn left 90°”, and - means “turn right
90°”. Two iterations or levels of decomposition are as following with the equivalent turtle

commands given in brackets.

n = 0: L (FF-F-FF+F+FF)
n = 1: LFRFL-F-RFLFR+F+LFRFL
(FF-F-FF+F+FF F FF+F+FF-F-FF F FF-F-FF+F+FF etc.) only the first

term LFRFL is expanded in terms of turtle command.

The results are shown in Figure 4.2. In this case the angle O is 90° with start point
(0, 0) in the unit square [0 1], [0 1]. It can be noticed that as the level increases the density
of the continuous curve increases. If one considers the path represented by the continuous
curve as the movement of the turtle (for graphical representation); as the levels increase

the distance d moved forward by the turtle for each ‘F’ command decreases.

Another example of space filling fractal curve is a Hilbert curve and is a
continuous fractal curve first described by the German mathematician David Hilbert in
1891. For the Hilbert space filling fractal curve shown in Figure 4.3 the grammar in L-

system is as following,
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variables: L, R

constants: F, +, —

start: L

rules: L — +RF-LFL-FR+
R — -LF+RFR+FL—-

There are two modes of operations in L-systems with turtle interpretation when
used for fractal generation, they are
1. Node rewriting.

2. Edge rewriting.

(a) Level-0 (b) Level-1

Figure 4.2: Peano space filling curve generated up to two levels of depth.

(a) Level-0 (b) Level-1

Figure 4.3: Hilbert space filling curve generated up to two levels of depth.

A rewriting is a scheme or method used in computer science and logic and is used
to replace sub terms of a formula with other terms. The rules embedded in an L-system
are in fact based on rewriting schemes. The two examples namely Peano and Hilbert

space filling fractal curves belongs to node rewriting scheme.
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In edge rewriting scheme two symbols are used to represent the left and right
edges and are substituted every time with rules governing the left or right turn. The
symbols F; and F, represent in a turtle graphics system turtle executing “move forward”
one step command. At any given time the chosen generator (polygon) replaces the edge
and F, fills the square area on left side and similarly for edge replaced by F; fills the
square area on the right side. Let us consider an example space filling fractal curve known
as Edge-curve or in short E-curve. The grammar in L-system for this curve is as

following,

variables: F,, F;,

constants: + —

start: F,or F;

rules: Fi—»FF+F+F-F-F+F+FF-F-FFFA+F-F-FF-F+FF+F+F-F-FF+
Fi—-FF+F+F-F-FF-F+FF+F+F-FFFA+F+FF-F-F+F+F-F-FF,

In this case there are 25 symbols associated with each rule. In this case as per
turtle graphic representation F; as well as F, means “draw forward”, + means “turn left
90°”, and - means “turn right 90°”. Two iterations of generation in the string
representation are given below and as graphical representation in Figure 4.4. The two
iterations with equivalent turtle commands are given in brackets.

n = 0: F, (FF+F+F-F-F+F+FF-F-FFF+F-F-FF-F+FF+F+F-F-FF+)

n = 1: FF+F+F-F-Fi+F+F.F-F-FFF+F-F-FF-F+FF+FA+F-F-F.F+

( FF+F+F-F-F+F+FF-F-FFF+F-F-FF- F+FF+F+F-F-FF+ FF+F+F-F-
F+F+FF-F-FFF+F-F-FF- F+FF+F+F-F-FF ...... etc) only first two terms

are expanded in terms of turtle command.

.

(a) Level-0 (b) Level-1
Figure 4.4: E-curve generated up to two levels of depth.
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4.4 Space Filling Fractal Curves Considered for Present Study

Apart from the Peano, Hilbert and Edge space filling fractal curves explained above the
following fractal space filling curves have been considered for tool path generation
application in this work. The curves namely, Macrotile 3x3, Macrotile 4x4, Os-good

curve considered in the following sub-sections belongs to node rewriting scheme.

4.4.1 Macrotile 3x3 space filling fractal curve (Hanan ef al .1996)
The grammar in L-system for Macrotile 3x3 space filling curve is as following,

variables: L, R

constants: F, +, —

start: L or R

rules: . — LF+RFR+FL-F-LFLFL-FRFR+
R— -LFLF+RFRFR+RF-LFL-FR

The results of two iterations are shown in Figure 4.5. In this case the angle O is 0°

s
U [
SN

(a) Level-0 (b) Level-1

with start point (0, 0) in the unit square [0 1], [0 1].

Figure 4.5: Macrotile 3x3 space filling curve generated up to two levels of depth.

4.4.2 Macrotile 4x4 space filling fractal curve (Hanan ef al .1996)
The grammar in L-system system for Macrotile 4x4 space filling curve is as following,

variables: L, R

constants: F, +, —

start: L or R

rules: L - LFLF+RFR+FLFL-LFL-FR+F+RF-LFL-FRFRFR+

TH-815_06610304 69



CHAPTER 4

R — -LFLFLF+RFR+FL-F-LF+RFR+FLF+RFRF-LFL-FRFR

The results of two iterations are shown in Figure 4.6. In this case also the angle 0

is 0° with start point (0, 0) in the unit square [0 1], [0 1].

ndoan
BEEEL
HISNEER

(a) Level-0 (b) Level-1

Figure 4.6: Macrotile 4x4 space filling curve generated up to two levels of depth.

4.4.3 Os-good space filling fractal curve (Hanan ef al .1996)
The grammar in L-system system for Os-good space filling curve is as following,

variables: L, R

constants: F,+,-

start: -FL+RF

rules: L —» L+RFFFL+RF-F-FL+RF-F-FL+RF-F-FL+RFFFL+RFFFL

R = RFFFL+RF-F-FL+R
I:E: 1 I::j:

it

(a) Level-0 (b) Level-1

The results of two iterations are shown in Figure 4.7.

Figure 4.7: Os-good space filling curve generated up to two levels of depth.
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4.5 Space Filling Curves with Chamfer

In order to obtain additional fractal curve design and there by area filling characteristics
of the fractals, a chamfer value 0.5 is used to equally reduce the length of each segment of
the six different curves namely, Edge, Hilbert, Peano, Macrotile 3x3, Macrotile 4x4 and
Os-good in addition to actual curve. Following formulae are used to obtain the new

coordinates of the fractal curve segments after chamfer.

x3 = (1 —chamfer)x| + chamfer X xp 4.1)
y3 = (I —chamfer)y| + chamfer x y, 4.2)
x4 = chamfer X x| + (1 — chamfer)xp 4.3)
v4 =chamfer X y; + (1 - chamfer)y, 4.4)

In the above formulae, (x;,y;) and (x,,y,) are the two end points of the curve
segments before chamfer. The points (x5, y;) and (x,,y,) are the two end points of the

curve segment after chamfer. In order to maintain the same starting and end point as the
curve without chamfer, the starting point of the curve with chamfer is changed in to curve
without chamfer and the end point of the curve with chamfer is changed in to curve
without chamfer. Since the fractal curves after chamfer will have comparatively lesser
total length than the corresponding curve without chamfer, different area filling
characteristics can be achieved. Figure 4.8 shows Peano curve with chamfer generated up
to two level of depth. Similarly, Figure 4.9, Figure 4.10, Figure 4.11, Figure 4.12 and
Figure 4.13 show Hilbert, E-curve, Macrotile 3x3, Macrotile 4x4 and Os-good curve with

chamfer generated up to two level of depth.

/N

(a) Level-0 (b) Level-1

Figure 4.8: Peano curve with chamfer generated up to two levels of depth.
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Level-0 Level-1

Figure 4.9: Hilbert curve with chamfer generated up to two levels of depth.

(a) Level-0 (b) Level-1

Figure 4.10: E-curve with chamfer generated up to two levels of depth.

(a) Level-0 (b) Level-1

Figure 4.11: Macrotile 3x3 curve with chamfer generated up to two levels of depth.
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(a) Level-0 (b) Level-1

Figure 4.12: Macrotile 4x4 curve with chamfer generated up to two levels of depth.

(a) Level-0 (b) Level-1

Figure 4.13: Os-good curve with chamfer generated up to two levels of depth.

4.6 Space Filling Characteristics of Fractals

As explained earlier in section 4.1, in a layered manufacturing process the volume of
material deposited or cured in a particular slice can be controlled either by changing the
tool path width or by raster pattern density. At the start of a particular model building
work this hardware dependent parameter is fixed. The material flow is thus constant and
to vary the volume of material being deposited in a unit area the raster pattern density is
varied in the present work. The various fractal curve considered in the present work have
different space filling characteristics, which also depends on the level of the fractal
growth as well as the tool path width. Every curve follows different geometric path to fill
the given space and the filling area depends on the length of fractal step d which in turn

depends on the decomposition level of depth n of the fractal.
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Figure 4.14 shows Peano curve with forward step size d marked for level n = 0
and level n = 1. From Figure 4.14, it is clear that for level n = 0, the number of forward
step d is 2 and for level n = 1, the number of forward step d is 8. So for the given unit
square, the length of the forward step size d = 1/2 for level n = 0 and d = 1/8 for level n =
1 respectively. Based on these, the relation developed between forward step size d and
level n for Peano curve is as follows:

d=05/(3.3") (4.5)
i=0

Similarly, the relation between forward step size d and level n for Hilbert, E-

curve, Macrotile 3x3, Macrotile 4x4 and Os-good curve are given in the Table 4.1.

Y

d
-

(a) Level-0 (b) Level-1

Figure 4.14: Peano space filling curve with forward step d.

It can be noticed that for all curves as the level increases the density of the
continuous curve increases and theoretically the density can be increased to infinity.
Practically this is limited by the tool path width w (to avoid overlapping), and the
percentage area filled and thus the porosity can be measured. The total length of the
fractal curve [ for a given level n can be computed by finding the total number of forward
command ‘F’ say N for a particular level n. The area fraction A (in a unit square) filled by

the fractal curve for a tool path width w of a LM machine is given by,
A=NXdXw—e (4.6)

where, e is a small correction factor associated with overlap for each turn in the tool path
as depicted in Figure 4.15. This may be excluded for many practical purposes. The area
porosity of the deposited material in a particular unit area is 1-A and knowing the slice

thickness ¢, one can compute the volumetric porosity at a particular site.
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Table 4.1: Relation between ‘d’ and ‘n’ for six different space filling fractal curves

S.No. | Fractal Space Filling Curve Relation between d and n
1. | Peano d=0.5/(>.3")
i=0
2. | Hilbert d=1.0/0.2"
i=0
3. E-curve d=02/(5")
4. Macrotile 3x 3 d=05/>.3"
i=0
5. Macrotile 4 x 4 d=1/() (4" x3))
i=0
6 Os-eood d=1/5forn=0;d=1/17forn=1
i el d=1/53forn=2;d=1/161 forn=3

A

Centre line of the tool path

<«— Tool path

Overlapped area

Figure 4.15: Overlapping error in computing the tool path area at corners.

4.7 Boundary Constrained Tool Paths using Space Filling Fractal Curves

The procedure of generating boundary constrained raster tool paths takes care of the
intersection operator on G and M and is computationally robust as well as less expensive
since the algorithms work in series of 2D slices rather than 3D solid geometry. To
generate boundary constrained tool paths for the material porosity model as discussed (for
each voxel of the CT slice) in sub-section 4.2.1 the following procedure is developed:

1. Compute the porosity for each unit area of the CT slice. Compute the normalized

area fraction A for the entire unit square in the given CT slice MC;.
2. Select the appropriate fractal space filling curve type and level for each unit area

of the CT slice by comparing the required area fraction as computed in step 1 with
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the area fraction A filled by different fractal type/level as discussed in section 4.6
using Equation 4.6. Then choose the suitable fractal type/level with minimum
error in obtaining required porosity.

3. Join all the fractal curves across the unit square to generate a continuous tool path
for the complete slice specified by MC;.

4. Trim the fractal tool paths based on the boundary data from GC,.

5. Repeat the step from 2 to 4, for all slices i = 1, 2,...n.

In the above mentioned procedure the two steps i.e. merging of fractal curves between
two adjacent unit square and the trimming of the same using boundary data are the critical

geometrical operations. The same are discussed in the following sections.

4.7.1 Joining of fractal curves

Figure 4.16 shows continuous tool path generated by joining arbitrarily different fractals

namely, Hilbert, E-curve, Macrotile 3x3 and Macrotile 4x4 with different type/level.

e

ﬂﬂ%%%

L JRLEEE0Esh

Figure 4.16: Continuous tool path generation across unit square by joining the

various type and/or level of fractal curves.
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In order to make continuous fractal, the start and end point of the fractals in the two
adjacent unit squares (in tool travel direction) are joined to avoid any additional or
redundant tool travel. In the present implementation this is done by adding the tool path
turning operators (+) or (-) i.e. to turn 90° left or right as required at the end of the tool
path in a unit square and appropriately selecting the start point and direction of the fractal
curve for the adjacent cell. The overall tool travel is from left to right in a row of cells and
in the immediate row above it is from right to left. In Figure 4.16, the left bottom corner

is the starting point of the tool path and top left corner is the end point of the tool path.

4.7.2 Trimming of fractal curves

The boundary data GC; for an arbitrary general object constitutes of contours in a series
of edge loops as depicted in Figure 4.17. These edge loops are non-self intersecting and
traverse in anti-clockwise and clockwise direction respectively for external and internal
boundary. This convention is from b-rep (boundary-representation) data structure such
that the material region is always on the left side of the boundary as per this traversal
direction. An edge loop consists of edges, vertices that are connected to give the overall
topological relation. In a slice data (generated from STL files) the edge is a line segment.
The GC; of slices needs offset to avoid overlapping at the boundary. For outer loops it is
positive (compression) and for inner loops it is negative (expansion), this offset width is
equal to tool path width w. The continuous tool path consisting of fractal curves have to
be trimmed according to the boundary data in GC;. The trimming operation is done by
finding points of intersection of the continuous fractal tool path with boundary. These
intersection points are ordered serially in the order of their occurrence from the start to
the end point of the continuous fractal points. The start point of the fractal path is always
outside the external boundary represented by GC;. This is true because the material
contour MC; always envelops the given GC; for any slice plane i. Thus the first
intersection point occurring along the fractal tool path implies that the path is entering the
material region and next intersection point implies that the path is entering the void
region. This way all the intersection points are flagged as ‘in’ and ‘out’ to signify that the
path is entering or leaving the material region. In terms of the LM process this signifies
whether the nozzle or laser should be ‘on’ or ‘off’’ respectively. The path in between ‘off’
and ‘on’ can be jumped by the controller to minimize the time of traversal. The algorithm

implemented is illustrated in Figure 4.18. The fractal tool path as well as the boundary
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data are available as line segments and thus the intersection or trimming is done using a

robust ‘line-line intersection’ algorithm (Paul 1989).

Solid

o

Hole

Figure 4.17: An arbitrary general geometrical slice data GC;.

/T Boundary GC;

1 [
Offset boundary

Figure 4.18: Trimming of a fractal tool path generated across the unit square area

according to the boundary data GC;.

4.8 Results and Discussion

The space filling characteristics of the fractal curves used in this work are studied and
calibration curves relating area fraction A filled by the fractal and tool path width w of the
LM machine is prepared that provides the choice of fractal curve and its level for a

desired material porosity. The range of tool path width taken is between 0.025 - 0.95 mm
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(Kai and Fai 1997) which covers the range of tool path width available with different LM
processes used for fabrication. Six types of space filling fractal curves namely E-curve,
Peano curve, Hilbert curve, Macrotile 3X3 curve, Macrotile 4X4 curve and Os-good
curves with and without chamfer have been taken for the study. In total there are twelve
different space filling curves considered for tool path generation. These curves were
generated at various levels and area fraction A in unit mm?> occupied by the curve was
computed for different tool path widths. The number of levels of growth of fractal curve n
and the range of tool path width w for a particular level is limited by the condition that for
a given curve type and level » the unit step length d for the fractal curve has to be greater
than the tool path width w. The calibration curves for area filling characteristics of the
different fractals considered are shown in Figures 4.19 - 4.30. Figure 4.19 shows the
relation between area fraction A filled by the Peano curve with tool path width w in the
range of 0.025 - 0.95 mm. As an example for level-0, the minimum and maximum area
fraction A that can be filled by the Peano curve is 10% and 34.6% respectively with an
applicable tool path width of 0.025 to 0.095 mm. Similarly, for level-1 and level-2 the
minimum and maximum area fraction A that can be filled by the curve is 25% and 85%
with an applicable tool path width from 0.025 to 0.095 mm and 68% and 100% with an
applicable tool path width from 0.025 to 0.038 mm respectively. Figure 4.20 shows the
relation between area fraction A and tool path width w for the Peano curve with chamfer.
The minimum and maximum area fraction A that can be filled by fractal is 8.5% and
30.81% for level-0 with an applicable tool path width from 0.025 to 0.095 mm. For level-
1 and level-2, the minimum and maximum area fraction A filled by fractal is 21% and
77.78%, and 59% and 100% respectively with an applicable tool path widths from 0.025
to 0.095 mm and from 0.025 to 0.045 mm. From the discussion it is clear that as the level
increases, the area fraction A filled by fractal increases. When considering fractal with
chamfer, the area fraction A filled by the particular fractal curve with same level is
comparatively lesser than that of the curve without chamfer. This is because, the total
length of the fractal curve with chamfer is comparatively lesser than that of the fractal

curve without chamfer for a given unit area and tool path width w.

Similarly, Figures 4.21, 4.22, 4.23, 4.24, 4.25, 4.26, 4.27, 4.28, 4.29 and 4.30
show the relation between area fraction A filled by the Hilbert curve, E-curve, Macrotile
3x3 curve, Macrotile 4x4 curve and Os-good curve with and without chamfer, in the

range of tool path width 0.025 to 0.95 mm respectively. For all the curves the range of
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tool path considered is from 0.025 to 0.95 mm. But, the applicable tool path width for
particular fractal type and level depends upon the geometry of the fractal and its area
filling characteristics. Because of these, for the same level and same tool path width, each
curve has different area filing characteristics. For example consider Figure 4.19 and
Figure 4.21 which show the calibration curves of Peano curve and Hilbert curve,
respectively. For a given tool path width w = 0.06 mm the applicable level for Peano
curve (Figure 4.19) is 0 and 1, but for Hilbert curve (Figure 4.21) the applicable level is 1,
2,3 and 4.
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Figure 4.19: Calibration curves for space filling characteristics of Peano-curve.
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Figure 4.20: Calibration curves for space filling characteristics of Peano-curve with

chamfer at each segment.
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Figure 4.21: Calibration curves for space filling characteristics of Hilbert-curve.
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Figure 4.22: Calibration curves for space filling characteristics of Hilbert-curve with

chamfer at each segment.
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Figure 4.23: Calibration curves for space filling characteristics of E-curve.
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Figure 4.24: Calibration curves for space filling characteristics of E-curve with chamfer

at each curve segment.
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Figure 4.25: Calibration curves for space filling characteristics of Macrotile 3x3 -curve.
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Figure 4.26: Calibration curves for space filling characteristics of Macrotile 3X3 -curve

with chamfer at each segment.
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Figure 4.27: Calibration curves for space filling characteristics of Macrotile 4x4 -curve.
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Figure 4.28: Calibration curves for space filling characteristics of Macrotile 4x4 -curve

with chamfer at each segment.
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Figure 4.29: Calibration curves for space filling characteristics of Os-good-curve.
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Figure 4.30: Calibration curves for space filling characteristics of Os-good-curve with

chamfer at each segment.
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4.9 Validation of the Tool Path Generation Procedure for Porous Objects

Representative case study is presented to validate the overall procedure for generating
fractal tool path for material porosity slice MC; of the porosity model M. The geometric
slice GC; which is extracted from the contours of the corresponding material porosity
slice MC; is considered as a boundary for tool path generation. In order to generate a
boundary constrained tool path, six different fractal curves with and without chamfer is
considered to illustrate the methodology. Figure 4.1 shows the methodology for
generation of fractal tool path for layered manufacturing of porous object. For present
study, one CT slice of the mid-diaphysis of the femur with a voxel resolution 0.20 mm x
0.20 mm x 0.60 mm is considered as a material slice MC; (Figure 4.31). The
corresponding boundary of the contours of the material slice MC; called geometric slice

GC; is shown in Figure 4.32.

Figure 4.31: Material slice MC; .

Initially, the cortical porosity for each unit mm® area of the CT scan slice is
calculated by the overall correlation model (p, = —0.0362 HU + 59.96 (%), R*= 0.94; 800
< HU < 1800) as established in Chapter 3. Then from the calibration curves (Figures 4.19-
4.30) that relate the area fraction A and tool path width w, suitable fractal type and level is
chosen for tool path generation of each unit area of the CT slice. The boundary of the

raster tool path is defined by the geometric contour GC;. Figure 4.33 shows boundary
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constrained fractal tool path generated with a tool path width w = 0.05 mm for the chosen
material slice MC;. Figure 4.34 shows the enlarged views of different region of the

material slice MC; with the corresponding tool path for clarity.

Figure 4.32: Geometric slice GC;,

o i

e

i‘
W e
T LT T
i
iy
oy
i
oy

ey
= RTA| e e TR

Region 1

Region 4 Region 2

Region 3

s ]

13 e e T

e

i

TR DR DR RE
b

fi s e
1= =

Figure 4.33: Boundary constrained fractal tool path.
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Figure 4.34: Enlarged view of the region marked on the representative CT slice of the

femoral bone with tool path.

4.10 Case Study: Effect of Tool Path Width ‘w’ on Porosity

The tool path width ‘w’ plays a significant role in obtaining required area filling
characteristics there by the material porosity can be obtained. For the case study
considered in section 4.9 the tool path width was chosen as 0.05 mm. A different tool
path width of 0.03 mm was chosen and constrained tool path for the same slice data
(Figures 4.31 and 4.32) was generated. In order to visualize the difference in the
generated tool path for the changed tool path width w, a small region (same as region 1 in
Figure 4.33) is considered. The boundary constrained tool path for tool path width of 0.05
mm and 0.03 mm are shown in Figure 4.35. The fractal curve type and the level of
decomposition were chosen in such a way that the area porosity obtained has minimal
error with respect to the required porosity as computed from CT data based on the
correlation model developed in Chapter 3. The error varies across different cell blocks
and thus cumulative frequency of error distribution for the complete slice is considered to
have a statistical comparison. The frequency histogram for errors in obtained porosity for
the two tool path widths are shown in Figure 4.36. For the present case, the tool path

generated with 0.05 mm is better than that with 0.03 mm as the cumulative frequency for
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small magnitudes of error is larger for 0.05 mm width when compared to 0.03 mm width.
This study illustrates the benefit of changing tool path width in order to minimize the
error between the obtained porosity and the specified porosity. This study also shows that

choosing a smaller value of tool path width need not essentially provide tool path with

minimum error.
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(a) tool path width = 0.05 mm

(b) tool path width = 0.03 mm

Figure 4.35: Enlarged view of the tool path generated for Region 1 with two different

tool path widths.
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Figure 4.36: Percentage error in obtaining required porosity by two different tool path

widths for full CT slice of the femur.
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4.11 Conclusions

In this chapter, a methodology for generation of fractal tool path for layered
manufacturing of location controlled porous scaffold is presented. Also, the geometry and
space filling characteristics of different fractal curves that can be used as a tool path for
layered manufacturing of porous scaffold were discussed. The required material porosity
data of the object created by material porosity model is transferred to layered
manufacturing machine by creating space filling fractal curves at different density
patterns for the generation of raster tool path. Six types of space filling fractal curves
namely, E-curve, Hilbert, Peano, Macrotile 3x 3, Macrotile 4x4 and Os-good curves with
and without chamfer have been taken for the study and the algorithm have been
developed to generate continuous tool path using Matlab®. For example, with a voxel
resolution of 0.20 mm x 0.20 mm x 0.60 mm, the computational time required to compute
the mean porosity for all unit mm?” (in total 102 unit area) of a single CT slice is 25
minutes using Matlab® code in a desktop PC with 1 MB RAM and P4 3 GHz processor.
After computing the mean porosity the time required to generate boundary constrained
tool path is 20 minutes. The space filling characteristics of the different fractal curves
have been studied. The calibration curves showing the relation between area fraction A
filled by the fractals and the tool path width w of the LM machines have been prepared
that provides the choice of fractal curve and its level that can be used as a tool path for a
desired material porosity, given a raster path width. Since different fractal has different
geometry, the area fraction A filled by different fractal is different. This will give the
choice for choosing suitable fractal type and level for particular area fraction A to be
filled for corresponding porosity at particular voxel. The proposed method can be directly
integrated with LM systems to create porous object by appropriately converting the
boundary constrained raster tool path into machine readable file specific to an LM

system.
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PERSONALIZED BONE TISSUE ENGINEERING SCAFFOLD
WITH CONTROLLED ARCHITECTURE

The complexity of architecture and the variability of properties of bone tissue, as well as
differences in age, nutritional state, activity (mechanical loading) and disease status of
individuals establish a major challenge in fabricating scaffolds. Layered manufacturing
(LM) can potentially be used to fabricate scaffolds with morphological and mechanical
properties more selectively designed to meet the specific bone repair needs. The LM
process such as selective laser sintering (SLS) have been extensively studied and
biocompatible materials developed for fabricating tissue engineering scaffolds in various
biopolymers and bioceramics. Several studies have been done to obtain optimum
biocomposite blends using material combinations in SLS process. The present chapter
proposes a methodology for biomimetic design and LM approach to bone tissue
regeneration where the mechanical properties of scaffold are matched with the
surrounding bone by designing a scaffold with heterogeneous porous structure. The

present study considers bone tissue engineered scaffolds for femoral bones.

5.1 Methodology

The methodology proposed for biomimetic design and LM approach for femoral bone
scaffold consists of two main steps namely, subject specific reconstruction of femoral
bone model from CT dataset and subject and site specific porous scaffold model. The

following sub-sections describe the same in detail.

5.1.1 Subject specific reconstruction of femoral bone along with internal properties

The three dimensional (3D) reconstruction methodology proposed in Chapter 3 is used for
subject and site specific reconstruction of external geometry and cortical porosity/
apparent density of patient in-vivo femur based on medical images. In general, the
computed tomography (CT) numbers corresponding to cortical region varied between 800
and 1800 HU. For this region, the overall correlation model (Equation 5.1) developed
between cortical porosity (p.) and CT number (HU) in Chapter 3 is used to estimate the
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cortical porosity in the present work. The regions with CT number less than 800 HU
correspond to predominantly cancellous bone in the proximal head and condyle region.
For these regions, the relationship between CT number and apparent density (o) as
depicted in Equation (5.2) is used in the present work. In order to correlate the apparent
density with CT number, the maximum mineralization in bone is taken as 2 g/crn3

(Taddei et al. 2004).
pe=—0.0362 HU +5 9.96 ( %), R*= 0.94; 800 < HU< 1800 (5.1)
0, =2 HU/1800 (g/cm’); HU <800 (5.2)

The protocol established in Chapter 3 for CT imaging is used to scan the healthy
in-vivo femur from head to condyle for patient specific reconstruction. Using the
developed correlation model (Equation 5.1) in Chapter 5, a 512 x 512 x n voxel data of
mean cortical porosity for CT dataset is computed, and along with the reconstructed
surface model forms the subject specific CAD model of femur along with porosity. A
software routine written in Matlab® in the present work imports the CT images in digital
imaging and communications in medicine (DICOM) format, converts them into 3D array
of grey scale voxels, threshold the values for identifying the bone voxels and then assigns
the mean porosity or apparent density depending on the CT values using the Equations
(5.1) and (5.2). Site-specific porosity/apparent density data can be extracted from this

model so as to design scaffolds that matches surrounding healthy bone Young’s modulus.

5.1.2 Subject and site specific porous scaffold model

The external geometry of the scaffold must have a good fit inside the defect. Therefore
the shape of the scaffold is based on clinical CT images of the bone defect. The internal
architecture of the scaffold should be modeled such that Young’s modulus of the scaffold
should be same or slightly less than Young’s modulus of the surrounding bone. This will
ensure appropriate mechanical stress without stress shielding (without distributing the
stress to surrounding) so that ossification or the bone growth is accelerated. In the present
approach, a mathematical volumetric model is used as a modeling method for the internal
architectural property. The volumetric model is an array of 3D voxels with information
pertaining to the structure like Young’s modulus, porosity/apparent density. The
geometric feature corresponding to a given Young’s modulus and porosity for a voxel is
not modeled at this stage and is modeled as suitable tool paths while process planning the

model for LM as described by the procedure developed in Chapter 4. This method allows
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processing of the information pertaining to internal architecture in a series of two
dimensional (2D) slices rather than in 3D and thus the representational and computational

complexity is reduced.

The volumetric model of scaffold containing the Young’s modulus and porosity
information corresponding to the bone defect is derived from corresponding clinical CT
images of the healthy bone for a given patient. The CT number (in HU) in voxel array is
converted into cortical bone porosity p. (in %) or the apparent density p; (in g/cm’)
depending on the HU range and is related to Equations (5.1) and (5.2). Dong and Guo
(2004) showed the effects of porosity on Young’s modulus of the femoral cortical bone
and found that the human femoral cortical bone is transversely isotropic i.e. the Young’s
modulus in the transverse direction of the cortical bone is not significantly affected by the
porosity but the Young’s modulus of the cortical bone is anisotropic in its longitudinal
direction. According to Dong and Guo (2004) study the determination coefficients (R*)

for transverse Young’s modulus and transverse shear modulus are very low ( R*< 0.02).
Since the predominant anisotropy is caused by the longitudinal Young’s modulus, the
same is considered for the present study in deriving the Young’s modulus (Ep.) of the

cortical bone as:
Ep. =—0.53p+ 21.43 (GPa) (R*=0.66) (5.3)

The relationship between Young’s modulus and trabecular bone density for the
human femoral bone has been investigated by many researchers. A study by Rho et al.
(1995) shows that the relationship between Young’s modulus and apparent density is
better for trabecular region. So, the relation established by Rho et al. (1995) is used in the

present study to derive the Young’s modulus of the cancellous or trabecular bone as:
Ep =4.607 ()" (GPa) (R*= 0.60) (5.4)

Later empirical relations and correlation that describe the Young’s modulus and
porosity correlation for a chosen scaffold material is used to estimate the required
scaffold porosity. Since the mechanical properties of the scaffold materials are different
from bone, the porosity of the scaffold must be calculated based on the required Young’s
modulus site specifically. Relation between Young’s modulus and porosity for certain

LM processable biomaterials such as HA, HA+TCP, g -TCP and PCL that have been

investigated in literature (Table 5.1) have been used in the present methodology to

illustrate, model, quantify scaffold Young’s modulus as the function of porosity. The
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materials with low Young’s modulus with increasing porosity can be exploited by
suitably changing the porosity within the feasible range allowed for a given
manufacturing process. On the contrary, materials with strength and Young’s modulus

below cortical bone cannot be used in porous form in weight bearing cortical bone sites.

These constraints (required Young’s modulus and porosity) allow hydroxyapatite
(HA) and also hydroxyaptite (HA) + tricalcium phosphate (TCP) with volume fraction
(vf) as (vf (HA) = 0.5, vf (f - TCP) = 0.25, vf (a - TCP) = 0.25) to be used in cortical and
S — Tricalcium phosphate (f - TCP) and polycaprolactone (PCL) in trabecular bone sites.
The voxel array of porosity values for cortical sites and apparent density for trabecular
sites are converted to E,. and Ep (using Equations (5.1) and (5.3), (5.2) and (5.4)
respectively) and later appropriate correlations (Table 5.1) are used to obtain the voxel

array of porosity values for a chosen biomaterial.

Table 5.1: Correlation between porosity P (in %) and Young’s modulus E (GPa) of

commonly used biomaterials.

Materials Regression model R’ Source

HA E =140 ¢~ (P/100) 0.99 He et al. (2008)

E = (120 x vf (HA)
HA+TCP +64.1 X vf (B~TCP) - Lopes et al. (2000)
+ 188.6 X vf (a- TCP)) e+ 4"1%

B—TCP E =4.2827 ¢ 2°18(FP/100) 0.94 Lin et al. (2008)

PCL E =0.1702 ¢ 22747(P/100) 0.88 | Williams ez al. (2005)

Table 5.2 and Figure 5.1 provide the correlation between CT number of a bone
site and required scaffold porosity for a chosen material so that the Young’s modulus is
compatible. When the CT number is in the range of 800 to 1600 HU, the required
porosity to mimic bone Young’s modulus (5 to 21 GPa) in the scaffold is 90 to 55% and
80 to 45 % for HA and HA + TCP respectively (Figure 5.1). When the CT number is
below 800 HU, the required porosity is 2 to 78% and 2 to 98% respectively for

polycaprolactone and g —tricalcium phosphate respectively (Figure 5.1) for the

cancellous bone region.

TH-815_06610304 95



PERSONALIZED BONE TISSUE ENGINEERING SCAFFOLD

Table 5.2: Correlation between porosity P (in %) of a scaffold material and CT number (in HU)

of a bone site

Applicable bone site
Materials Correlation model
and HU range
logl ©019186 HU=10.3488 Cortical bone
HA 140
Py (%)= s X100 800 < HU <1600
oo 0019186 HU —10.3488 Cortical bone
HA + TCP 123.175
Popirer (%) = x100 800 <HU <1600
—4.04
—417771.30
loo 21072x10 "HU Trabecular bone
B-TCP 4.2827
Pyrer (%)= o1 x 100 5<HU<725
—4 1777130
oy 31572108 HU Trabecular bone
PCL 0.1702
P, (%)= %100 15<HU <60
—2.2747
100 5
90 -
80 il
70
< 60 ||
g -~ - HA
o
é 50 A
o HA+TCP
é 40
§ —o— Beta-TCP
30
—e&—PCL
20 -
10
0 - T T
0 200 400 600 800 1000 1200 1400 1600 1800
CT Number (HU)

Figure 5.1: Correlations for CT number of bone site and required scaffold porosity for

various materials.
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The usable HU range is indicated in Table 5.2. Depending on the bone site and the
range of HU values in the voxel array, an appropriate scaffold material can be chosen and
array of voxels with porosity values computed using the correlation developed as listed in
Table 5.2. In order to obtain the relation between CT number and required scaffold
porosity, the relation between CT number and cortical bone porosity is calculated by
using Equation (5.1). Then Equation (5.3) is used to find the Young’s modulus of the
bone from cortical porosity. Later, the required scaffold porosity is calculated by using
the correlation model (Table 5.1) for the chosen material. By using the appropriate fractal

type/level and tool path width w, the scaffold is constructed with required porosity.

5.2 Case Study

In order to design subject and site specific porous scaffold that have matched external
geometry and Young’s modulus to the femoral bone defect site, an CT image based
reconstruction method that provides the relationships between the CT number and the
required porosity properties for the scaffold and procedures for the layered manufacturing
have been proposed. An in-vivo healthy human right femur CT scanned as discussed in
sub-section 5.1.1 is used and an imaginary femoral defect is considered to illustrate the
methodology and study the results. The defect area is to be replaced by a biomimetic
scaffold made of HA or HA + TCP material. The case study only describes the
methodology for two sample biomaterials i.e. HA and HA + TCP that are processable
under typical process parameters using LM (Table 5.3).Calibration curves are developed
that relating the area fraction A filled by fractal and tool path width w (0.06 mm to 0.5
mm) (Table 5.3) of the LM machine that can process the biomaterials (Figure 5.2 and
Figure 5.3). In Figures 5.2 and 5.3 E-L-0 and EC-L-0 indicates E-curve at level-0 and E-
curve with chamfer at level-0. Similarly, the first term H, M3x3, M4x4, P and O indicates
Hilbert, Macrotile 3x3, Macrotile 4x4, Peano and Os-good curve respectively. In all these
cases C indicates chamfer and L indicates level of the curve. A defect area with a gross
volume (30 mm x 6 mm x 20 mm) was chosen near the medial mid diaphysis. Mimics®
was used to reconstruct the external geometry of the femur and external geometry of an
imaginary defect area (G) as shown in the Figure 5.4. After that the corresponding voxels
were processed and material porosity model (M) of the HA and HA + TCP scaffolds were
determined. The voxel resolution for the scan was 0.20 mm x 0.20 mm x 0.60 mm. For

reconstructing the internal architecture, a resampling of this voxel set at resolution 1 mm
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x 1 mm x 1.2 mm was done to reduce the computational load and a set of 2850 voxels
corresponding to the defect area were processed and porosity for each voxel was
determined from the mean CT number and the correlation models were developed

(Figure 5.1 and Table 5.2) and implemented in Matlab®.

Table 5.3: Potential layered manufacturing systems, materials for scaffold
fabrication (Woesz 2008).
LM
method, T.O ol pat.h I.,ayer Scaffold material
. width w in | thickness System
Commercial . that can be processed
- mm ¢ in mm
availability
0.06 - 0.08 0.0625 SLA 250/50 HR
0.2-0.3 0.05 SLA 3500
SLA 0.225 - 0.275 0.05 Viper si2 SLA Polymer: poly (ethylene
0.2-0.28 0.1 SLA 250/50 .
(3D glycol) dimethacrylate
Systems®) 0.2-0.20 i DLA-190 Ceramic: HA
0.2-0.29 0.1 SLA-250
0.225 - 0.275 0.05 SLA-350
0.2-0.25 0.1 SLA-500
Polymer: PCL, PLLA,
poly(ethylene glycol)-
0.254 -2.54 | 0.05-0.762 FDM 1600 terephthalate -
poly(butylene
FDM terephthalate) copolymer
(Stratasys®) Composite: PCL/TCP,
polypropylene
0.254 -2.54 | 0.05-0.762 FDM 1650 (PP)/TCP, chitosan/HA,
polyethylene (PE)/HA
Ceramic: TCP, HA
Polymer: PCL, poly
(D,L-lactic) acid (PLA)
Composite: PE/HA,
. . polyvinylalcohol
(E%LSS@ 0.46 0.1-02 Smtg(r)s(;g“on (PVA)HA
Ceramic: TCP, HA,
apatite - mullite glass
ceramic, HA/phosphate
glass composite
Metal: Titanium 6-4 (Ti-
SLM 0.02 0.05 -0.075 SLM 100D 6AL4V), Inconel 718
(Realizer®) 0.02 0.05 -0.075 SLM 100A superalloy, Rene 142,
Cobalt chrome
EBM Metal: Ti-6Al-4V, Ti-
(Arcam®) - 0.05 - 0.20 EBM S400 6A1-4V ELI
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Figure 5.2: Space filling characteristics of different fractal curves with respect to tool path width.

99



PERSONALIZED BONE TISSUE ENGINEERING SCAFFOLD

100
—o—EC-0; A=341.55w+2.8778
90 1
—=— HC-L-0;A=100.62w+12.969
80 - - = - HC-L-1:A=237.43w+10.338
g 70 - %~ HC-L-2;A=578 47w+3 8777
. --m- HC-L-3;A=1199.9w+1.7963
E 60 1
= —e— M3x3C-L-0:A=222 5w+4.0652
=
=
= 50 - -~ - M3x3C-L-1;A=778.03w+0.0939
<C
S 40 . —— M4x4C-L-0;:A=289.65w+8.6422
£ 40
g o= M4x4C-L-1:A=1302w+1.6011
< 30 1
3 —+— PC-L-0;A=278.72w+4.4603
£ v
20 1 ¢ --m-- PC-L-1;A=805.24w+1.2337
10 1 —+— OC-L-0;A=506.01w-0.6292
. 4 OC-L-1:A=61.94079

0 0.05 0.1 0.15 0.2 0.25 03 0.35 04 0.45 0.5
Tool path width,w (mm)

Figure 5.3: Space filling characteristics of different fractal curves with chamfer and with respect to tool path width.
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The methodology proposed for LM of porous object in Figure 4.1 is used for constructing
the scaffold using space filling fractal curves. One representative slice of HA scaffold
with tool path generated at defect region is shown in Figure 5.5. Using the calibration
curves developed (Figures 5.2 and 5.3), appropriate combination of fractal space filling
curves were selected for the required porosity for each voxel and combined to generate
continuous tool path for a tool path width w = 0.06 mm and slice thickness 0.0625 mm
(Commercially available in SLA for processing HA, Table 5.3).The boundary constrained
tool paths generated by the procedures developed in Matlab® for the representative slice
chosen is also shown in Figure 5.5 and a magnified view of a small region is shown in
Figure 5.6. A small region of the 3D model of scaffold showing layers of such fractal

curves is shown in Figure 5.7.

Figure 5.4: Bone defect site and external Figure 5.5: One representative CT slice
geometry of scaffold. with marked defect site and the
reconstructed scaffold layer.
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%
o
e

Figure 5.6: A small region  Figure 5.7: 3D stack of layers of fractal curves for
zoomed up to show the LM HA scaffold.
tool path for HA scaffold.

In the present case study the defect site chosen in the femur has Young’s modulus
in the range of 10-18 GPa. The theoretical Young’s modulus of the dense HA is 140 GPa,
which is much higher than that of human cortical bone. In order to match the Young’s
modulus site specifically, the correlation models shown in Table 5.2 predict a required
porosity for HA is in the range of 71 - 55% to be assigned to the various voxels. The
available fractal curve designs (six curves with and without chamfer considered) and the
number of levels of decomposition limited by the tool path width w of the LM machine
that can process HA, three discrete set of porosity were only assigned viz., 55.08 %,
61.46 % and 71.44 % corresponding to fractal space filling curves, Macrotile 3x3 at level
1, Hilbert at level 2 and E curve at level 0 as shown by the highlight box in Figure 5.8.
Figure 5.8 also shows the possible discrete % porosity in HA scaffold material using 13
fractal curves at different levels as tool paths in LM for the complete range of porosity of
interest i.e. 50-90% corresponding to bone Young’s modulus compatibility in the range of
5 - 21 GPa. The corresponding Young’s modulus allocated to the various voxels
considered for the defect site were, 18.44 GPa, 14.58 GPa and 10.10 GPa respectively.
This limited feasible allocation led to some mismatch in Young’s modulus required and
the Young’s modulus obtainable from LM using fractal tool path design for controlled

and graded porous structure.
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In order to construct the HA + TCP scaffold for the same defect region, the tool
path width and slice thickness as considered for HA scaffold is used for comparison. In
Figure 5.9 (a) and (b) a zoomed up view showing the lattice of fractal curves forming the
tool path with the combination of different fractal type and level used to mimic the bone’s

Young’s modulus with required porosity for HA and HA + TCP is shown.
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Figure 5.8: Estimated porosity (to match bone modulus ) and obtained porosity in

HA in LM for a tool path width w = 0.06 mm and slice thickness ¢ = 0.0625 mm.

The theoretical Young’s modulus of the HA + TCP is 123 GPa. In order to match
the Young’s modulus site specifically, the correlation model of the HA + TCP scaffold
material shown in Table 5.2 predict a required porosity in the range of 61.5 - 47% to be
assigned to the various voxels. Due to the fractal curve designs (six curves with and

without chamfer considered) and the number of levels of decomposition limited by the
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tool path width w of the LM machine that can process HA + TCP material, three discrete
set of porosity were only assigned viz., 50.32 %, 55.08 % and 61.46 % corresponding to
fractal space filling curves, Hilbert at level 2, Macrotile 3x3 with chamfer at level 1, and
Hilbert with chamfer at level 2 as shown by the highlight box in Figure 5.10. Figure 5.10
also shows the possible discrete % porosity in HA + TCP scaffold material using the 11
fractal curves at different levels as tool paths in LM for the complete range of porosity of
interest i.e. 43.142 - 78.86% corresponding to bone’s Young’s modulus compatibility in
the range of 5 - 21 GPa. The corresponding Young’s modulus allocated to the various
voxels considered for the defect site were, 16.12 GPa, 13.30 GPa and 10.28 GPa. This
limited feasible allocation led to some mismatch in Young’s modulus required and the
Young’s modulus obtainable from LM using fractal tool path design for controlled and

graded porous structure.

() HA Scaffold (b) HA+TCP Scaffold

Figure 5.9: A small scaffold region zoomed up to show the LM tool path for

scaffolds with two different materials.

The Young’s modulus assignment for 2850 voxels in the HA and HA + TCP
scaffold corresponding to the defect site were analyzed and frequency histogram for the
assignment in the intervals of 2 GPa is calculated and shown in Figure 5.11 for HA
scaffold and bone and Figure 5.12 for HA + TCP scaffold and bone respectively. The
frequency histogram for Young’s modulus mismatch between HA scaffold and bone, and
HA + TCP scaffold and bone in the intervals of 0.25 GPa were analyzed and is shown in
Figure 5.13 and Figure 5.14 respectively. In order to quantify these, the Young’s modulus

of each voxels of the bone (using Equations (5.1) and (5.3)) at defect site and the required
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porosity (Table 5.1) to mimic the Young’s modulus of bone in the HA and HA + TCP
scaffold is calculated. The porosity that can be obtained for each voxel of the HA and HA
+ TCP scaffold depends upon the tool path width w of the particular LM machine that can
be used for processing HA, HA + TCP (Table 5.2) and also fractal curve type/level
available for the corresponding porosity. In order to choose proper fractal type/level for

the required porosity, the calibration curve shown in Figures (5.2 and 5.3) is used.
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HA+TCP-scaffold porosity (%) obtained using fractal tool paths
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Eequired HA+TCP-scaffold porosity (%)

Figure 5.10: Estimated porosity (to match bone modulus ) and obtained porosity in HA
+ TCP in LM for a tool path width w = 0.06 mm and slice thickness ¢# = 0.0625 mm.

The number of voxel having similar range of Young’s modulus in the defect region of the
bone and the Young’s modulus that can be obtained in the corresponding voxels of the
scaffold is grouped individually to find out the cumulative frequency of Young’s modulus

of bone and scaffold.
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From the computed cumulative frequency of Young’s modulus of bone and scaffold, the
difference between Young’s modulus of bone and Young’s modulus of scaffold for all the
voxel of the defect site is calculated to quantify the cumulative frequency of Young’s
modulus mismatch. The histograms (Figure 5.13) shows that the Young’s modulus of HA
scaffold is matched closely to the corresponding Young’s modulus of the femur defect
site with maximum frequency of mismatch corresponding to Young’s modulus difference
of less than 1 GPa. The Young’s modulus of HA + TCP scaffold has a maximum
mismatch of 2 GPa (Figure 5.14).

From Figures 5.13 and 5.14 one may note that more number of voxels are in the
range of mismatch of Young’s modulus between 0 to 1.5 GPa in HA+TCP scaffold than
HA scaffold. So, the effect of using different material for the defect site depends upon the
theoretical Young’s modulus of the scaffold material, the amount of porosity required for
the voxels to mimic the bone’s Young’s modulus at the defect site, available fractal
designs for the required porosity and tool path width of the particular LM system which

can process the chosen scaffold materials.

Though it is understood that using this statistical measure only limited inference
can be made, it gives a measure of Young’s modulus matching obtained. In the present
approach of LM using fractal tool paths for porous geometry, the pore sizes obtained
using various designs at different levels were analyzed. In the present study, the material
model representing porosity as array of voxels is assigned an appropriate fractal design at
a particular level of decomposition to obtain tool path for LM. The difference between
maximum diameter of the circle that can be fitted in to the gap available in the particular
fractal type/level and tool path width w of the LM machine gives the maximum pore size
that can be obtained by the corresponding fractal (section 4.3 - 4.5 in Chapter 4 for fractal
geometry). Consider the HA and HA + TCP scaffold that can be fabricated using a LM
system with tool path width w = 0.06 mm and slice thickness # = 0.0625 mm. The
Young’s modulus and maximum pore sizes corresponding to various feasible fractal
curve design of HA and HA + TCP are shown in Figure 5.15 and Figure 5.16. Each dot in
Figure 5.15 and Figure 5.16 indicates the pore size and the corresponding Young’s
modulus obtained by the fractals with the available tool path width w = 0.06 mm of the
LM system which can process HA and HA + TCP materials.
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Figure 5.13: Frequency histogram of Young’s modulus mismatch between bone and
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Figure 5.14: Frequency histogram of Young’s modulus mismatch between bone and

HA + TCP scaffold.
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The Young’s modulus that is possible by particular fractal depends upon the
porosity that can be obtained, theoretical Young’s modulus of the chosen scaffold
material and tool path width w of the LM machine which can process the chosen material.
The Young’s modulus range of 5 — 21 GPa (corresponding to cortical bone), which is of
interest is obtained in pore sizes 50 — 950 pum with predominant sizes 150 - 500 um and is
represented by highlighted box in Figure 5.15 and Figure 5.16 for HA and HA+TCP
scaffold respectively. In various study on porous HA for bone tissue engineering, pore
sizes in the range of 90 - 120 um was able to induce cartilage formation (chondrogenesis)
and subsequently depositing new bone materials (osteogenesis) (Tsuruga et al. 1997,
Kuboki et al. 2001) and better bone ingrowth (osteoconduction) in pore size ranges 200 -

400 (Guo 1993 and Tsuruga et al. 1997).

The bone scaffold producable by the present approach thus has controlled porous
architecture in sizes from 150 — 500 wm that are important for vascularization and
resorption. This is due to the size of pores which is suitable for the formation of blood

vessels (Tsuruga et al. 1997).
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Figure 5.15: Pore sizes and corresponding Young’s modulus obtainable in HA scaffold.
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Figure 5.16: Pore sizes and corresponding Young’s modulus obtainable in HA + TCP

scaffold.

5.3 Conclusions

In summary, a methodology is proposed for biomimetic design of scaffolds using
reconstruction based on commercial low resolution CT scanner and layered
manufacturing of controlled porous structure using fractal tool paths. The present
approach leads to controlled porous architecture with pore sizes and Young’s modulus
that are important for vascularization and resorption. The correlations developed predict
the porosity required in the scaffold material from the CT numbers so that the Young’s
modulus of the scaffold is matched to the Young’s modulus of the bone defect site. The
case study taken up, illustrated the complete methodology. For the example considered,
with a voxel resolution of 1 mm x 1 mm x 1.2 mm, the computational time for
determining the porosity distribution in the scaffold took 2 minutes and the fractal tool
paths were generated for the complete scaffold model in 10 minutes using an Matlab®
code in a desktop PC with 1 MB RAM and P4 3 GHz processor. The spectrum of
Young’s modulus assignment in scaffold is limited by the available fractal designs and

the set of tool path widths available in LM machines that can process scaffold material.
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This limited feasible allocation led to some mismatch in Young’s modulus required and
the Young’s modulus obtainable from LM using fractal tool path design for controlled

and graded porous structure.
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FINITE ELEMENT BASED EVALUATION OF PERSONALIZED
FEMORAL SCAFFOLD

Design and manufacturing of bone tissue engineering scaffolds should consider various
mechanical and biological requirements in order to provide adequate support, mimic the
actual stress-strain state as that of healthy bone so as to stimulate growth of the new
tissue. Layered manufacturing (LM) has shown great promise in fabricating such porous
bone scaffold. In the previous chapter the methods for estimating subject and site specific
Young’s modulus using computed tomography (CT) data, process planning for LM of
controlled porous scaffolds was proposed. The present chapter presents a scheme for
material and process parameter selection for minimizing the mismatch between bone
defect site requirement and scaffold mechanical properties using finite element approach.
A study considering hydroxyapatite (HA) and a combination of hydroxyapatite (HA) and
tricalcium phosphate (TCP) for scaffold design for human femur defect site is presented

for illustration.

The present study considers bone tissue engineered scaffolds for an imaginary
femoral bone defect site. In Chapter 5, the thesis proposed a method for biomimetic
design and process planning for LM of patient and site specific porous scaffolds so as to
match the mechanical properties of scaffold to the surrounding bone defect site. In that
study, correlation models between porosity and Young’s modulus for bone, known

biomaterials processable by LM like HA, HA + TCP, g - TCP and polycaprolactone

(PCL) are used to estimate the site-specific porosity requirements in the scaffold model.
The various constraints due to pore size requirement for repair and regeneration of bone,
available choice of fractal type and levels, LM tool path width and limited choice of LM
processable materials resulted in some Young’s modulus mismatch between bone site
requirement and the designed scaffold. This chapter reports the results of prediction of
mechanical behavior such as stress and strain of the human femur with such bone
replacement to physiological loading condition and a scheme for material and LM process
parameter selection for minimizing the mismatch between bone defect site requirement

and scaffold mechanical properties.
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6.1 Evaluation of Mechanical Behavior

A three dimensional finite element (FE) analysis of healthy bone and bone with defect
site replaced with designed scaffold is envisaged to understand the mechanical behavior
for assessing and for material and process parameter selection to minimize the mismatch
between bone defect site and scaffold mechanical properties in order to design the
scaffold subject to constraints in LM (Finite element analysis module in Figure 2.1). As
an example two materials namely, HA and HA + TCP with two different theoretical
Young’s modulus for the scaffold design is considered so as to mimic the actual bone.
Hydroxyapatite is preferred as a scaffold material for the load bearing sites since it has
high Young’s modulus. Lopes et al. (2000) have shown that a blend of HA and TCP with
different phases can be obtained in sintering to obtain different mechanical properties.
Also TCP shows better resorbability than HA, even though it has low strength (Woesz et
al. 2004).

The available range of LM tool path width and discrete fractal curve patterns
results in some mismatch in required porosity and assigned porosity in the scaffold model
as discussed in case study section in section 5.2. Along with the constraint on limited
spectrum of LM processable scaffold material this results in Young’s modulus mismatch
between bone site requirement and the designed scaffold. The mechanical behavior of the
human femur with such bone replacement to loading condition is assessed using FEM and
compared with healthy femur. In the present study, the FE model, material properties
assignment and loading and boundary condition used by Laz et al. (2007) is used for
convergence study and then the scheme of material properties assignment is changed to

evaluate the mechanical behavior of healthy femur and femur with scaffold replacement.

6.1.1 FE model

The generation of the FE-model from the CT dataset is similar to the one described in
detail by Laz et al. (2007) and Taddei et al. (2006). Computed tomography datasets of the
femur were segmented using Mimics® and surface mesh models were exported to
Abaqus® and finally four-noded tetrahedral elements were created for FE analysis.
Figure 6.1 shows a four-noded tetrahedral element. The element is defined by four nodes
indicated as 1, 2, 3 and 4 at each corner in the element with each node having three

degrees of freedom and the displacements in the x, y, and z direction at the node.
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Figure 6.1: Four-noded tetrahedral element.

The element is a linear element because the displacement fields namely, u, v and
w that the element admits are linear functions in terms of the coordinates x, y, and z. In
the finite element formulation, the displacement field through out the element is obtained
by interpolation of nodal displacements using linear interpolating polynomial functions,

which are also called shape functions. The formulae used for displacement fields can be

defined by,
u(x,y,2)=N,(x,y,2u; + No(x,y,2)u, + N5(x,y,2)us + Ny(x,y, 2)uy, (6.1)
v(X,¥,2) =N (x,y,2)v; + Ny (x,y,2)v, + Ny (x,y,2)vs + Ny (x, y,2)v, (6.2)
w(x,y,2) = N{(x,y,2)w; + Ny (X, y, 20w, + N3y (X, y,2)ws + Ny(x, y, 2w, (6.3)

If the nodal coordinates are known, one can construct the linear interpolating

functions N, (x, y, z) which is having the following properties,

ifi=j,N;i(x;,y;,2;)=1 (6.4)

if i #J,Ni(x;,y;,2;,)=0 (6.5)
4

and > N(x;,y;,z;)=1 (6.6)
i=1

where, N, and x j»Yj»2; represents i shape function and nodal coordinates of the j th

node respectively.
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6.1.2 Material properties assignment for convergence study

Inhomogeneous material properties were automatically mapped onto the FE models with
the Mimics® software that calculates an average Young’s modulus (E}) for each element
of the mesh corresponding to the HU value from the CT data. To validate the procedure

and compare the results of convergence study, the material properties assignment based

on apparent density as proposed by Peng et al. (2000) (o, =1+7.185x10*HUin g/cm3)

and power law relations between modulus and apparent density of bone ( E, =1.99p>* in

GPa) (Keller, 1994) is used as used by Laz et al. (2007). In Figure 6.2 the color variation

in different region shows variation in material properties assignment.

Figure 6.2: Finite element model of femur bone with distribution of Young’s modulus.

6.1.3 Loading and boundary condition

The boundary condition for FE simulation is based on stance phase gait loading which
has been shown experimentally to produce clinically relevant results (Keyak 2000, Keyak
et al. 2001, Keyak and Falkinstein, 2003). The distal end of femur was fixed, while a load
of 10 kN was applied to the femoral head at an angle of 20° to the shaft axis in the frontal
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plane as shown in Figure 6.3. The applied load of 10 kN was an experimentally measured
fracture load under stance conditions (Keyak, 2000). The load was distributed evenly

among nodes on the femoral head that were located within 1.5 cm radius from the center

of load application (Keyak et al. 2001).
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Figure 6.3: Finite element model of femur bone with loading and boundary condition.

6.1.4 Mesh convergence study
A mesh convergence study was performed on one femur with element edge lengths of

4.5, 3 and 1.5 mm using finite element software Abaqus®. The validation and
convergence of mesh size is based on the maximum von Mises stress. Maximum von
Mises stresses were computed for these three cases, while excluding the distal end of the
femur due to discontinuities associated with the fixed boundary condition. The results for
the 3 and 1.5 mm element meshes exhibited convergence as shown in Figure 6.4. The
results of the mesh convergence study shows convergence for the 3 mm mesh with
differences less than 2% for maximum von Mises stress compared to the 1.5 mm mesh.

Stresses were highest in the femoral neck region and the maximum von Mises stress was
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found to be 112 MPa which lies in the range of 110 - 150 MPa. This is in good agreement

with the finding of Laz et al. (2007) from the simulation on 5 femoral bones.
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Figure 6.4: Mesh convergence study of three different mesh sizes.
6.1.5 Present approach

Unlike the method which is based on apparent density (Keller, 1994) as used by Laz et al.
(2007), in the present work, the material properties assignment is done based on porosity.
In case of cortical bone, the Young’s modulus is estimated based on cortical porosity and
in case of scaffold, the Young’s modulus is estimated based on porosity of the chosen
scaffold material. The two models i.e. femur model with bone properties and femur model
with scaffold replacement with appropriate bone and scaffold material properties were

subjected to simulation of similar loading and boundary conditions.
Epp =140 7368 (P7100) (1 Gpg) (6.7)
Enavrce = (120xvf (HA)+64.1xvf (8 - TCP)+188.6xvf (o TCP)) %1% (in GPa) (6.8)

The material assignment for bone is done by converting the CT numbers to
Young’s modulus by using Equations (5.1), (5.3) for cortical and Equations (5.2), (5.4)

for trabecular region. For the femur with scaffold replacement, the region of scaffold
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replacement is assigned Young’s modulus using Equations (6.7) and (6.8) depending on
the scaffold material. The porosity requirement as per the correlation model shown in
Table 5.2 is computed and only the discrete value assigned due to constraints in available
range of LM tool path width and discrete fractal curve patterns is taken for simulation.
The material was modeled as isotropic with a Poisson’s ratio of 0.3 (Wirtz et al. 2000). In
the normal range of regular daily activities, the bone exhibits linear elastic behaviour for
loads (Keaveny et al. 1994) and this assumption is used for the present analysis. The
loading and boundary condition used here is same as discussed in sub-section 6.1.3 for

convergence study.

The analysis of stress and strain was performed and the mechanical behavior of
healthy femur and femur with scaffold replacement are compared. For evaluation of the
biomimetic ability of the scaffold, the following parameters were computed. First, the
mismatch between the required Young’s modulus and the Young’s modulus assigned for
the elements corresponding to the defect site are analyzed and histogram of assignment
and histogram of Young’s modulus mismatch were analyzed. Since failure of a single
element may be due to an artifact due to meshing and/or CT data and need not constitute
structural failure, the cumulative frequency (%) of von Mises stress over all the elements
in the model is computed. This is taken as the measure of the tendency of mechanical
failure. If the femur bone and femur bone with scaffold have comparative cumulative
frequency, one can expect that they will fail in a similar way. Lastly, cumulative
frequency (%) of the magnitude of highest principal strains (compression or tension) of
over all elements in the model is computed. This is a measure of activation of osteoblasts
(bone forming cell) growing in the scaffold. If the scaffold and the bone have a
comparable cumulative frequency (%), one can expect the osteoblasts in the scaffold to be
activated in the same way as if they were inside real bone. The mismatch in von Mises
stress and maximum principal strain is also computed. Here, the quantity used to compare
the mechanical behavior of bone and scaffold is stress and strain responses of the femur
and femur with scaffold replacement. When the stress and strain response of the scaffold
has close agreement with bone, the chosen scaffold is considered as a suitable scaffold. If
the scaffold design is not satisfactory, the design enters a process of redesign of the
structure which may involve change in parameters such as tool path width and layer

thickness of LM and/or change in scaffold material which will result in a different
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microstructure and Young’s modulus distribution (as described by Finite element analysis

module of the methodology in Figure 2.1).
6.2 Case Study

To evaluate the mechanical behaviour and study the results, a CT dataset of healthy
human right femur with an imaginary defect is considered as discussed in case study
section of Chapter 5. The defect area is to be replaced by a biomimetic scaffold made of
HA or HA + TCP scaffold with two different theoretical Young’s modulus namely 140
GPa and 123 GPa respectively. The porosity required and assigned in HA scaffold for the
defect site chosen is shown in Figure 5.8 with highlighted box. Only three different
Young’s modulus values were assigned due to the limited discrete porosity levels possible

for this case as discussed in section 5.2.

The biomimetic ability of the HA scaffold was evaluated using FE simulation.
The model predicted the stress (Figure 6.5a and b), and strain (Figure 6.5¢ and d) for
every element in healthy femur as well as femur with HA scaffold replacement. To
validate the procedure, an analysis was performed on the femur geometry with the
material assignment and loading and boundary conditions as same as that reported in Laz
et al. (2007).Results presented for the femur and femur with scaffold was based on the 3
mm mesh size of the FE model with material properties assignment as discussed in
section 6.15. On both models the material assignment for the bone region was done as
described by Equations (5.3) and (5.4) and for defect region with scaffold, discrete values
of Young’s modulus subject to constraints in LM. The simulation was done as per the

loading and boundary conditions used for convergence study.

The maximum von Mises stress in the neck region (Figure 6.5a and b) is 81 MPa
and 88 MPa for femur bone and bone with HA scaffold respectively. Figure 6.6 shows the
computed cumulative frequency (%) of the von Mises stress on all elements in the femur
bone model and femur bone model with HA scaffold. The comparison of cumulative
frequency (%) of stress predominantly shows a good correspondence between the bone
and bone with HA scaffold model and thus, the risk of failure may be expected to be the
same. When subjecting the scaffold to physiological load, the strain distribution should be
such that the majority of the osteoblasts should feel a strain that activates them. This
happens for strains in the range of 1000 — 4000 ustrain (Duncan and Turner 1995,
Cleynenbreugel 2002).
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Figure 6.5: Distribution of stress and strain in the bone and bone with HA scaffold.

TH-815_06610304 120



CHAPTER 6

18

16 70 —e— Bone

14 ---0--- Bone with HA scaffold
12

Frequency (%)
o0

0 T T T T T T T T \-- 7
0 10 20 30 40 S0 60 70 80 90 100

von Mises stress (MPa)

Figure 6.6: Cumulative frequency (%) of von Mises stress in bone and in bone with

HA scaffold.

The cumulative frequency (%) of strain were computed for this range of
maximum principal strain on all elements in the femur bone model and femur bone model
with HA scaffold as shown in Figure 6.7. The comparison of cumulative frequency (%) of
strain shows an over all correspondence. The number of elements having the strain in the
range of 1000 - 4000 wustrain is slightly less in the femur with HA scaffolding in the

defect site when compared to healthy femur.

The FE analysis shows that there is some Young’s modulus mismatch between the
assignment and that required for the HA scaffold. This has lead to differences in
cumulative frequency (%) of stress particularly in the stress range of 10 - 20 MPa (Figure
6.6) and differences in strain (Figure 6.7). The differences can be minimized if material
property and / or LM process parameters leading to porosity can be changed. Therefore a

new iteration of the design with the aim to reduce the theoretical modulus E;, was taken

up.
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Figure 6.7: Cumulative frequency (%) of maximum principal strain in bone and in bone

with HA scaffold.

The new scaffold material is chosen as HA + TCP blend where the proportion of
HA, o~ TCP and - TCP can be controlled to lower the theoretical Young’s modulus. A
blend of HA + TCP was chosen such that the theoretical Young’s modulus is 123 GPa as
corresponding to 140 GPa for HA. The porosity required and assigned in HA + TCP
scaffold for the defect site chosen is shown in Figure 5.10 with highlighted box. It could
be observed that the pattern of assignment has changed and the Young’s modulus
assigned due to three discrete porosity levels are different from HA scaffold. The
frequency histograms of Young’s modulus assignment of bone and bone with scaffold
replacemt is shown in Figure 6.8. The Young’s modulus mismatch of bone, bone with
HA scaffold and bone with HA + TCP scaffold is shown in Figure 6.9. The choice of HA
+ TCP scaffold material resulted in better Young’s modulus allocation than that for HA
scaffold. This is evident from Figure 6.9 which gives the histograms of Young’s modulus

mismatch.
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Figure 6.8: Frequency histogram of Young’s modulus required in bone and assignment in HA

and HA + TCP scaffold.
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Figure 6.9: Frequency histogram of Young’s modulus mismatch between bone and bone

with HA and HA + TCP scaffold.
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Percentage of elements having smaller Young’s modulus mismatch has increased
in HA + TCP scaffold than HA scaffold. The FE analysis of the femur bone with HA +
TCP scaffold predicted a maximum von Mises stress in neck region as 90 MPa and is
shown in Figure 6.10a. The model predicted the stress, and strain for every element in the

femur with HA + TCP scaffold replacement (Figure 6.10a, and b).

The cumulative frequency (%) of stress were computed for femur with HA + TCP
scaffold and is compared with healthy bone and bone with HA scaffold (Figure 6.11). The
femur with HA + TCP scaffold shows a closer correspondence to healthy femur than the
femur with HA scaffold. The cumulative frequency (%) of maximum principal strain
were evaluated (Figure 6.12) and for the strain range 1000-4000 ustrain which is of
interest, the femur with HA + TCP scaffold shows more number of elements subjected to
this strain range compared to femur with HA scaffold. Thus in the proposed scheme of

modeling and manufacturing internal architecture using LM, the HA + TCP scaffold

material is better than the HA scaffold for the defect site.
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Figure 6.10: Distribution of stress and strain in the bone with HA + TCP scaffold.
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Figure 6.11: Cumulative frequency (%) of von Mises stress in bone and in bone with

HA and HA + TCP scaffold.

The results demonstrate the overall procedure developed for the biomimetic
design of personalized scaffold with compatible mechanical properties to that of the
healthy bone i.e. a scaffold with appropriate mechanical properties for load bearing as
well as for a good stimulation for new bone tissue growth through activation of
osteoblasts (bone forming cells). In this work the von Mises stress and maximum

principal strain were considered for evaluation and comparision.
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Figure 6.12: Cumulative frequency (%) of principal strain in bone and in bone with

HA and HA + TCP scaffold.

6.3 Conclusions

The present study taken up, illustrated the complete methodology for designing a scaffold
for a defect site using HA and HA + TCP blend materials. The spectrum of Young’s
modulus assignment in scaffold is limited by the fractal patterns and tool path widths
available in LM machines that can process scaffold material. The detailed finite element
analysis involving subject specific femoral geometry, defect site and anisotropic material
assignment predicted the effect of the Young’s modulus mismatch, allowing for design of
scaffold to avoid stress shielding (without distributing the stress to surrounding), adequate

strength to avoid failure risk and for active bone tissue regeneration.
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CONCLUSIONS AND SCOPE FOR FUTURE WORK

Tissue engineering (TE) has shown great promise in repairing bone defects such as
cavities that result due to the removal of benign tumor, diseased and large fractured bone.
The bone tissue engineering uses scaffolds that fill the defect, stimulate new bone tissue
growth and get resorbed over time as they are replaced by newly formed bone. The
success of bone TE techniques depends on the technology to generate reliable, fully
integrated, complex, three dimensional (3D) and controlled porous scaffolds of the exact
shape and size of the replacement of the bone cavity or defect. The complexity of
architecture and the variability of properties of bone tissue (e.g. porosity, pore size,
mechanical properties, mineralization or mineral density and cell type), as well as
differences in age, nutritional state, activity (mechanical loading) and disease status of
individuals establish a major challenge in fabricating scaffolds and engineering bone
tissues that will meet the needs of specific repair sites in specific patients. Solid freeform
fabrication (SFF) also known as layered manufacturing (LM)/rapid prototyping (RP), can
potentially be used to fabricate scaffolds with morphological and mechanical properties
more selectively designed to meet the specific bone repair needs. The thesis has proposed
a methodology for design and analysis for LM of subject and site specific human femoral

scaffold for bone tissue engineering.

The scaffold model consists of two components: the external geometry and the
internal architecture. The external geometry of the scaffold is designed to have a good fit
inside the defect and this design is as per the existing route of computed tomography (CT)
image based reconstruction. The internal architecture of the scaffold is modeled as a
mathematical volumetric model such that Young’s modulus of the scaffold is same or
slightly less than the modulus of the surrounding bone. The volumetric model is an array
of 3D voxels with information pertaining to the structure like mechanical modulus,
porosity/apparent density. The geometric feature corresponding to a given Young’s
modulus and porosity for a voxel is not modeled at this stage and is modeled as suitable
tool paths while process planning the model for fabricating in a layered manufacturing
machine. The study also evaluated using finite element (FE) approach for the designed

scaffolds to be layer manufactured using hydroxyapatite (HA) and tricalcium phosphate
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(TCP) materials. The comparison of results with simulation of healthy femur shows an
overall correspondence in stress and strain state which will provide suitable mechanical
properties to avoid stress shielding, adequate strength to avoid failure risk and active bone

growth.

7.1 Overall Conclusions

Initially, a methodology for reconstruction of subject specific human femoral bone model
with cortical porosity data is presented. In order to accomplish this, limited number of
cadaver is collected and allowed for CT scanning. After scanning, a histological section
of different region of the femur is prepared for estimation of cortical porosity. The mean
CT number estimated from the voxel of the CT scan and the cortical porosity estimated
from the corresponding histological section is used to establish a correlation model. The
use of the correlation model and the developed probability density functions (PDFs) will
enable to specify the requirement of suitable pore size and porosity in the scaffold that is
to be controlled in the fabrication process. In this reconstruction methodology no special
geometric data is to be modeled in CAD and only statistical models are used to represent
the heterogeneous internal structure patterns. Since in the present approach, the internal
porosity is not represented using a geometric structure it does not results in huge CAD
files. The processing time is not significantly increased when compared to the current
methods of image based CAD reconstruction since the additional data processing for
internal architecture is based on a statistical correlation model developed a priori. Site-
specific porosity/apparent density data can now be extracted from this model so as to
design scaffolds that matches the Young’s modulus of the surrounding healthy bone. This
forms the basis for developing a novel protocol to model reconstruction of tissue

engineering scaffolds with subject specific internal micro architecture.

The volumetric model of scaffold containing the Young’s modulus and porosity
information corresponding to the bone defect is derived from corresponding clinical CT
images of the healthy bone for a given patient. A set of mathematical correlations based
on CT number is developed for the same. A three step correlation is used that first relates
the CT number to bone site porosity and then the porosity of the bone site to the bone
modulus and thus the required scaffold modulus. Later empirical relations and correlation
that describe the Young's modulus and porosity for a chosen scaffold material is used to

estimate the required scaffold porosity. The CT number (in HU) in voxel array is
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converted into cortical bone porosity (in %) or the apparent density of the trabecular bone
(in g/em®) depending on the HU range. The next step is to convert this voxel array of
porosity/apparent density into Young’s modulus of the bone. Since the predominant
anisotropy in bone is caused by the longitudinal Young’s modulus, the same is considered
for the present study. Since the mechanical properties of the scaffold material are
different from the bone, the porosity of the scaffold is computed based on the required
Young’s modulus site specifically. Relation between Young’s modulus and porosity for
certain LM processable biomaterials like HA and HA + TCP with specific volume

fraction (vf) (vf (HA) = 0.5, vf (S —TCP) = 0.25, vf (&= TCP) = 0.25) are used for cortical

bone sites and B —TCP and PCL in trabecular bone sites.

To extend the capability of LM machines for producing porous scaffolds in
chosen biomaterials, a CAD system with appropriate modeling scheme to transfer
porosity data apart from geometry, slicing and raster tool path generation which depends
on the porosity information is developed. The proposed framework allows user to create
porosity primitives and use them as building blocks using suitable modeling operations.
Created material density/porosity data is transferred to LM system through space filling
fractal curves at different density patterns as the raster pattern. Six types of space filling
fractal curves namely E-curve, Hilbert, Peano, Macrotile 3x3, Macrotile 4x4 and Os-
good curves with and without chamfer have been taken for the study. The space filling
characteristics of the fractal curves have been studied and calibration equations relating
forward step size d and level n for the fractals have been prepared that provides the choice
of fractal curve and its level for a desired material porosity, given a raster tool path width
w. The geometric model from CAD software and the material porosity model are
integrated using Boolean operators to build the complete model. This is done at the slice
data level by trimming the continuous space filling fractal curve by the geometric
boundary data for each of the slices. The complete framework and various procedures and
computer algorithm have been validated using case studies. The raster tool path
generation methodology using space-filling fractal curves, and detailed study and
calibration equations of space filling characteristics of fractal curves presented, will pave
a new way for heterogeneous modeling of porous objects and its integration to LM for
realizing physical prototypes. The methodology offers local control in heterogeneity of

porosity and does not require special geometric data to be modeled in CAD.
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The available range of LM tool path width and discrete fractal curve patterns
results in some mismatch in required porosity and assigned porosity in the scaffold
model. Along with the constraint on limited spectrum of LM processable scaffold
material this results in Young’s modulus mismatch between bone site requirement and the
designed scaffold. The mechanical behavior of the human femur with such bone
replacement to loading condition is assessed using finite element method (FEM) and
compared with healthy femur. First, the mismatch between the required Young’s modulus
and the Young’s modulus assigned for the elements corresponding to the defect site are
analyzed. Since failure of a single element may be due to an artifact due to meshing
and/or CT data and need not constitute structural failure, the cumulative frequency of von
Mises stress over all the elements in the model are computed. If the femur bone and
femur bone with scaffold have comparative cumulative frequency, one can expect that
they will fail in a similar way. Lastly, cumulative frequency of the magnitude of highest
principal strains over all the elements in the model is computed to access the activation of

osteoblasts (bone forming cells) growing in the scaffold.

To illustrate the methodology and study the results, a healthy human right femur
CT scan data and an imaginary femoral defect was considered. A sample defect area was
chosen near the medial mid diaphysis. The defect area is to be replaced by a biomimetic
scaffold made of HA and/or HA and TCP blend. The biomimetic ability of the HA
scaffold was evaluated using finite element simulation. The comparison of cumulative
frequency of stress predominantly shows a good correspondence between the bone and
bone with HA scaffold model and thus the risk of failure may be expected to be same.
The cumulative frequency of strain in the range of 1000 - 4000 u-strain were compared
and is slightly less in the femur with HA scaffolding in the defect site when compared to
healthy femur. The new scaffold material chosen is HA + TCP blend where the
proportion of HA, ¢~ TCP and f - TCP is controlled to lower the differences in stress and
strain pattern. The femur with HA + TCP scaffold showed a closer correspondence to

healthy femur than the femur with HA scaffold for the chosen bone site.

In summary, the proposed methodology of biomimetic design using reconstruction
based on commercial low resolution CT scanner and layered manufacturing of controlled
porous structure using fractal tool paths represents the internal architecture patterns apart
from external geometry for subject and site specific femoral bone scaffolds. The present

approach leads to controlled porous architecture with pore sizes and Young’s modulus
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that are important for vascularization and resorption. The correlations developed predict
the porosity required in the scaffold material from the CT numbers so that the Young’s
modulus of the scaffold is matched to the Young’s modulus of the bone defect site. A
case study was taken up to illustrate the complete methodology. The processing time has
not significantly increased when compared to the current methods of image based CAD
reconstruction since the additional data processing for internal architecture is based on a
statistical correlation model developed offline. The additional computational expense
only depends on the user specified voxel resolution for the model being reconstructed.
This provides a significant advancement towards realizing heterogeneous fabrication of
bone replacement and tissue scaffolds. The proposed method can be directly integrated
with LM systems like fused deposition modeling to create porous objects without any
post processing but in other systems like selective laser sintering and stereolithography,
some post processing will be required to remove the un-sintered powder or un-
polymerized resin. The case studies taken with HA and HA+TCP as scaffold material and
finite element simulation of physiological loading on the scaffolds demonstrates the
overall procedure developed in the work for the biomimetic design of personalized
scaffold with compatible mechanical properties to that of the healthy bone i.e. a scaffold
with appropriate mechanical properties for load bearing as well as for a good stimulation

for new bone tissue growth through activation of osteoblasts (bone forming cell).

7.2 Advancement and Novelty in the Proposed Methodology

1. Many researchers have studied the bone porosity estimation mainly using micro
computed tomography («CT) scan data. Cooper et al. (2004, 2007) compared the uCT
and microradiograph measurements of cortical bone porosity. Wachter et al. (2001a)
established porosity estimation by uCT scan and its relation with the porosity of
histological section. Basillais et al. (2007) used uCT for three dimensional
characterization of cortical bone microstructure. Thomas et al. (2005) used
microradiographs to find the regional variation in intracortical porosity in the mid-
diaphysis of the human femur. Many researchers also used uCT for estimating porosity
for biomedical applications involving human mandibular bone (Renders et al. 2007),
calcium phosphate ceramic implant (Yeung et al. 2007). But to date analysis of cortical
bone porosity and its correlation with macro-CT scan and its uses in non-invasive image

based reconstruction of subject and site specific bone tissue engineering scaffolds is
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largely limited. Since the correlation model developed in the present work can be used to
estimate the cortical bone porosity from the CT dataset, the same can be used to model
the scaffold with suitable porosity and Young’s modulus from the CT dataset.

2. Even though many groups (Cao et al. 1997, Jockenhoevel et al. 2001, Hutmacher 2001,
Hutmacher er al. 2001a,Yan et al. 2003 and Schroeder et al. 2005) have reported the
design and manufacturing of scaffolds with subject specific external shapes along with
intricate internal architectures, to the best of the author’s knowledge there have not been
studies on reconstructive methods for subject specific internal architecture of bone
(porosity and pore distribution) using medical imaging for scaffold design. But, in the
present method the internal architectural properties are also estimated from the CT dataset
based on correlation model and probability density functions developed. This is a
significant contribution towards subject and site specific estimation of the internal bone
tissue properties and will lead to the use of the same for design of bone tissue engineering
scaffold.

3. A novel method for representation, process planning for layered manufacturing of
porous scaffold is presented in the thesis. This method extends the capability of LM
machines for producing location controlled porous scaffolds in chosen biomaterials. A
CAD system with appropriate modeling scheme to transfer porosity data apart from
geometry, slicing and raster tool path generation which depends on the porosity
information has been developed. In the present method, the CT dataset obtained for
clinical study is used as the only input for the development of the model. The method also
does not require special geometric data to be modeled in CAD as done by Sun et al.
(2005) and Armillotta and Pelzer (2007).

4. Many researchers (Hutmacher 2000, Landers et al. 2002, Sachlos and Czernuszka
2003, Sun et al. 2005) found that tissue engineering scaffolds with reproducible and
irregular internal structures is obtainable by layered manufacturing processes. But, the
currently available LM machine used for scaffold fabrication have inbuilt tool path by
which one cannot control the amount of porosity and pore sizes required at any desired
location. Kalita et al. (2003) fabricated the scaffold with grade form by using LM
process. In that method, the inbuilt tool path is used to vary the porosity either in between
the layer or in between the contours by varying the raster pattern angle and/or by varying
the raster pattern gap. But the main limitation in that method is that obtaining a desired
porosity at a given location is not possible. In the present work application of fractal

curves have been studied to location wise control the porosity. Fractal curves have been
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studied for raster tool path generation in LM by Soo and Yu (2003), Yang et al. (2003)
and Ma and Bin (2006).Though fractal geometry has been studied earlier for the tool path
application, there have not been extensive studies that report their applicability for LM of
porous objects. Since in the present work the porosity required at any given location of
the object is compared with porosity that can be obtained by the fractals type/level,
suitable fractal type/level can be used to generate the tool path. This is a novel method
and has not been reported in literature as a method for fabrication of porous scaffold.

5. Several authors (Taddei et al. 2004, Hernandez and Keaveny 2006, Bevil et al. 2006,
Laz et al. 2007) have used CT dataset of the human femur to model and to predict the
mechanical behavior such as stresses and strains by FE approach. These methods for
evaluation of mechanical behavior of bone is based on the Young’s modulus estimated
from the apparent density. Based on the correlation models developed in the present
work, the mechanical behavior of the bone and scaffold is evaluated using the Young’s
modulus estimated from the porosity distribution. Because, in the present method the
required Young’s modulus of the scaffold is obtain by altering the porosity, the same can
be controlled by using suitable fractal type/level in the LM processes. So, the evaluation
of mechanical behavior of bone with scaffold replacement and its comparison with

healthy bone can be performed more accurately.

7.3 Limitations and Scope for Future Work

1. The present mathematical models for correlation and stochastic distribution have been
resulted from limited set of experimental data. The experimental study involved only
for the adult femur in the age group of 30-45. To develop a correlation model that is
suitable for all age group, further experimental study considering femoral bones of
humans from different age, sex, ethnicity and lifestyle is required.

2. The subject specific femoral bone reconstruction methodology proposed in the present
work uses the correlation models estimating cortical porosity from mean CT number
derived from experimental study involving freshly harvested cadaver femur bones.
These correlations are used later to predict the bone porosity and its internal
architecture for patient in-vivo CT dataset. The accuracy and validity of the prediction
needs to be further investigated. The changes in bone density between living and
cadaver bone tissue have to be quantified so as to improve the prediction accuracy on
patient in-vivo bone and its usage for modeling the internal architecture of the

scaffold.
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3. In the present work the porosity requirement and internal architecture of the scaffold
are modeled as suitable material deposition tool paths in layered manufacturing. In
order to accomplish this fractal tool paths are used and a limited set of space filling
fractal curves were considered with a tool path width in the range of 0.05-0.5 mm
which are available in LM machines that can process biomaterials. Due to the
available fractal type/level and tool path width w of LM machine, there is a deviation
in the modeled porosity and the required porosity in the scaffold. This has also
influenced the mismatch between required and obtained Young’s modulus. Further
work can be taken up to include many more space filling curves for generating tool
path in LM and study the range of porosity obtainable in LM fabrication.

4. In order to realize the physical prototypes of porous objects using the methodology
and procedures proposed in the present work, additional work has to be done in
developing translators to create machine language files specific to an LM system from
the output file of the program developed in Matlab®. Further work can be carried
towards this so that physical prototypes can be realized and in-vivo application studies
in bone replacement and tissue engineering can be taken up.

5. The FEM based prediction of stress and strain response of the scaffold designed by
the present approach using the biomaterials namely, HA and HA+TCP have to be
physically realized by conducting experimental studies. Further work can be done to
experimentally quantify the stress and strain state of these scaffold prototypes under
physiological loading.

6. Clinical studies involving animals and later humans need to be taken up for in-vivo
application studies in bone replacement and tissue engineering.

7. In order to account for the degradation during the process of bone tissue regeneration,
one has to additionally conduct the clinical study after fabricating the scaffold by the
proposed method. This can be taken as scope for further research and one can
implement the proposed methodology of design and fabrication of HA/TCP scaffold
and study its degradation behavior.

8. In the present work an imaginary defect was considered to implement the
methodology. To consider real defect one has to have access to data of the patient
having specific bone disease, site, patient’s and physician’s agreements. However,
though the illustration of the method was based on imaginary defect site there is no

change in applying the method for real defect site.
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APPENDIX Al

STATISTICAL STUDIES FOR CORTICAL POROSITY AND CT
NUMBER

Computed tomography (CT) protocol is widely used to scan a damaged or diseased part
of the human body. A CT dataset obtained by medical scanner consists of voxels with
specific numerical value called CT number. A CT number is a number which is assigned
to each voxel of the CT dataset according to the degree of x-ray attenuation in that voxel.
A voxel represents a quantity of 3D data just as a pixel represents a point or cluster of
points in 2D data. It is used in scientific and medical applications that process 3D images

such as CT scans.
A1l.1 Measurements of Cortical Porosity and CT Number

In general, the attenuation coefficient of an object varies based on the density of the
scanned object. If the object is more porous, the CT number will be less and vice versa.
Since human bone is a porous object with graded porosity, the CT number of the voxels
will vary based on the porosity at particular location. In order to establish the correlation
between cortical porosity measured from the histological sections of the bones and CT

number computed from the corresponding CT dataset, statistical studies were conducted.

A1.2 Statistics

Statistics is a mathematical science pertaining to the collection, analysis, interpretation or
explanation and presentation of data. Statistics also provides tools for prediction and
forecasting using data and statistical models. The following terms are generally used in

statistics.
A1.2.1 Coefficient of determination (RZ)

Coefficient of determination is a measure which measures the proportion of variation in

the data points which is explained by the regression model. The value of R’ lies in the

range of 0 to 1 i.e.0 < R* <1. The R’ value is computed as,
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o2 _ SSR

= Al.l
SST ( )

where, SSR is regression sum of square which is used to measure the sum of the squared
difference between the fitted curve points and mean of the actual data points. The formula

used to measure the regression sum of square is given in the following equation,
. 2
SSR=%(5; - ¥) (A12)
i=1

where, y,, yand n are fitted curve points, mean of the actual data points and total number

of data points, respectively. The term SST used in the R” formula is used to measure the
total sum of square which is the sum of regression sum of square and error sum of square.

The following formula is used to measure the total sum of square,
SST = SSR + SSE (A1.3)

Here, the term SSE indicates error sum of square which is calculated by sum of the
squared difference between actual data points and fitted curve points. The following

formula is used to measure the error sum of square,

SSE=Y (3~ 5,)’ (A1.4)

i=1
Al1.2.2 : t-test

t-test is a test used to test the significance of the parameter used in the regression model.
Generally, #-ratio is computed to determine the chance for the chosen parameter becomes

zero by considering P(¢). t-ratio is used to calculate the ratio between estimated

parameter value to the estimated parameter standard deviation. The larger the ratio is, the

more significant the parameter is in the regression model.

A1.2.3: P(¢)

This is used to test the null hypothesis Hy: a, b, c =0 for each parameter. The smaller
the value of P(z), the less likely the parameter is actually zero. For example, if
P(t) =0.01, there is a 1% chance that the actual parameter is zero. This value is decided

by comparing the computed #-ratio value with the tabulated value. Then the P(t) value is

chosen from the statistical table.
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Al.2.4 : F-test

F-test is used to test the significance between dependent variable and chosen regression
model. This test is used to test the null hypothesis Hy: a, b, c=0 (all of the actual
parameters are zero), against the hypothesis H, :at least one of the parameter a, b, ¢ #0
(at least one parameter is not equal to zero). This is a test of the overall significance of the
regression model. If we accept Hy: a, b, ¢ =0, this means that that there is no significant
relationship between the dependent variable and the regression model. The idea is to

reject Hy in favour of H, if F -ratio2F, ., .

Stated another way, the value of P(F)

is the probability that Hyis true. For example, if P(F)=0.01, there is a 1% chance that Hy
true. P(F) is chosen from the table similar to the procedure followed in #-test. The

tabulated F-ratio is chosen for p-1, n-p-1 degrees of freedom (DF) in the row and column
respectively in the statistical table. Here p, n represents the number of regression
parameters in the model and the total number of data points considered. The analysis of

variance (ANOVA) constructed is shown in Table A1.1.

Table A1.1 ANOVA-table

Source DF Sum of Squares Mean Square F-ratio
SSR/(p—1
Regression p—1 SSR SSR/(p—-1) Wnp—p))
Error n—p SSE SSE /(n— p)
Total n—1 SST

A1.2.5 Correlation between cortical porosity and CT number

In order to establish the correlation between the mean CT number (HU) estimated from
the CT dataset and the cortical porosity (%) estimated from the histological section, the
measurements taken from different region of the four femurs is considered and is shown

in Table A1.2.
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Table A1.2 Measurements of CT number and cortical porosity of femur bones

S.No. CT number (HU) Cortical porosity (%)
1 1086.686 19.355
2 1027.000 25.960
3 1060.539 22.209
4 1367.549 6.858
5 1467.053 6.000
6 1299.304 12.441
7 1439.153 7.300
8 1445.299 7.100
9 1205.800 17.692
10 1466.601 7.000
11 1434.577 7.900
12 1577.010 4.700
13 1475.459 6.460
14 1418.131 7.847
15 1537.385 5.567
16 1445.299 7.300
17 1601.836 4.499
18 1464.773 6.606
19 1305.453 12.468
20 1402.531 6.890
21 1058.380 22.000
22 1585.018 4.700
23 1529.655 5.650
24 1434.076 7.470
25 1352.393 9.978
26 1475.460 6.460
27 1394.869 9.075
28 1362.111 10.136
29 1207.241 17.593
30 1350.822 10.300
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A1.3 Probability Density Function

Probability density function (PDF) is a function which represents probability distribution
in terms of integral. In order to find out suitable probability density function for the given
data, a Kolmogrov - Smirnov test which is based on the test statistics D called the largest
difference between the theoretical cumulative distribution function (CDF) and empirical
cumulative distribution function (ECDF) is computed for all popular distribution for the
given data. Comparatively, the distribution which is having lesser D value is considered
as a suitable probability density function for the given data. Some of the commonly used

continuous distributions are normal, gamma, log normal etc.

In order to find out the plot of empirical cumulative distribution function, first the
data is sorted in ascending order, and then the ratio between rank (based on sorting) and
total number of data is found for proportion. Then the ratio is considered as a ECDF of

the particular data. The following Table A1.3 shows sample data with computed ECDF.

Table A1.3 Sample calculation of empirical cumulative distribution function

S.No Cortical Rank i Sorted dataas | ppp 1 (X <x)
porosity per rank x; n
1 30.0 4 02.0 1/4=0.25
2 22.5 2 22.5 2/4 =0.50
3 27.0 3 27.0 3/4=0.75
4 02.0 1 30.0 4/4=1.00

In Table A1.3, X indicates the total number of observations which is less than or equal to
x; (all sorted data) 1 <i < n. Here, n represents total number of data considered. The CDF

is a function F(x) of a random variable, X, and is defined for a number x by,

F)=P(X <x)=_f(s)ds (ALS)

That is, for a given value x, F(x) is the probability that the observed value of X will be at
most x. Here, f(s) indicates probability density function of the particular distribution
considered. For example, if the distribution is normal f{is) is probability density function
of normal distribution. If it is gamma distribution, f{is) is probability density function of

gamma distribution etc.
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Like the ECDF, the theoretical CDF for all the data is computed. Then the largest
difference between ECDF and theoretical CDF for all the data is computed. For all the
cases, the ECDF is same. So the largest difference among all the distribution which is

having comparatively less difference is considered as a suitable PDF for the given data.

A1.3.1 Kolmogorov-Smirnov test

Kolmogorov-Smirnov test is a test which is used to determine the PDF of the particular
data based on the test statistics D calculated by finding the largest difference between
CDF and ECDF. Here, the null hypothesis Hy is considered as the data follows a specified
distribution against some other distribution H;. The hypothesis regarding the
distributional form is rejected at the chosen significance level ¢ if the test statistic, D, is
greater than the critical value obtained from a statistical table. The fixed values (0.01,
0.05 etc.) are generally used to evaluate the null hypothesis Hy at various significance

levels. A value of 0.05 is typically used for most applications.
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GEOMETRY OF FRACTALS

A fractal is generally “a rough or fragmented geometric shape that can be subdivided in
parts, each of which is (at least approximately) a reduced-size copy of the whole”, a
property called self-similarity. The term was coined by Benoit Mandelbrot in 1975 and
was derived from the Latin fractus meaning “broken” or “fractured”. A fractal often has

the following features (Hanan et al. 1996):

e It has a fine structure at arbitrarily small scales.

e It is too irregular to be easily described in traditional Euclidean geometric
language.

e Itis self-similar (at least approximately or stochastically).

e It has a simple and recursive definition.

Because they appear similar at all levels of magnification, fractals are often
considered to be infinitely complex (in informal terms). Natural objects that approximate
fractals to a degree include clouds, mountain ranges, lightning bolts, and leaf and flower
patterns, patterns in shells, plant growth, coastlines and snowflakes. Some examples of

naturally occurring fractals are shown in Figure A2.1.

N2

(a) Lightning (b) Fern leaves (c) Fractal representation of a tree

Figure A2.1: Examples of naturally occurring fractals (www.migel.com)

Fractal geometry can be mathematically generated by starting with a very simple
pattern that grows through the application of rules. Fractal curves are continuous, self
similar, non-intersecting space filling curves. Recursive techniques are used in generating

fractal curves. Every curve follows different geometric path to fill the given space. Filling
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area depends on the length of fractal step and the level of fractal. Here the introduction of
terminology, mathematical representation and graphical generation of fractal curves are
given. In Chapter 4 of the thesis, these fractal curves and their area filling characteristics

are used for tool path generation for layered manufacturing of porous scaffold.

A2.1 Representation of Fractals using L-systems

A Lindenmayer system or L-system is a formal grammar (a set of rules and symbols)
most famously used to model the growth processes of plant development, but also able to
model the morphology of a variety of organisms. L-systems can also be used to generate
self-similar fractals. L-systems were introduced and developed in 1968 by the Hungarian

theoretical biologist and botanist from the University of Utrecht, Aristid Lindenmayer.

L-system grammars (G) are defined as, G = {V, S, , P}

where,
e V (the alphabet) is a set of symbols containing elements that can be replaced
(variables)
e Sisaset of symbols containing elements that remain fixed (constants)
e o (start, axiom or initiator) is a string of symbols from V defining the initial state
of the system
e P is a set of production rules or productions defining the way variables can be
replaced with combinations of constants and other variables. A production
consists of two strings - the predecessor and the successor.
The rules of the L-system grammar are applied iteratively starting from the initial
state. As many rules as possible are applied simultaneously, per iteration; this is the
distinguishing feature between an L-system and the formal language generated by a

grammar.

A2.2 Graphical Representation of Fractals (Hanan ef al. 1996)

A2.2.1 Turtle graphics representation
Papert created this representation system in 1980. This system represents as an graphical

entity by a moving turtle robot and has three attributes namely,

1. aposition

2. an orientation
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3. apen, itself having attributes such as color, width, and up versus down.

The turtle moves with commands that are relative to its own position, such as “move
forward 10 spaces” and “turn left 90 degrees”. The pen carried by the turtle can also be
controlled, by enabling it, setting its color, or setting its width. The turtle at any given

time instant can be represented by a string that contains the above said attributes.

Let us assume that the turtle starts from a starting point (x, y) and each time the
turtle moves forward a distance of d in the direction that it is looking say & from the X-
axis. The turtle can also rotate its looking direction anticlockwise or clockwise by an
angle say J. Then the above string can be used as the command to move turtle as

described below:

F The turtle moves one step forward of length d, in the direction @& in which it is
looking, the new point (x;, y,) is X, = x+d Xcos(¢) and y, = y+d Xsin(«)

+ The turtle rotates through a positive angle, point does not change but the angle
changesto a =a+0

- The turtle rotates through a negative angle, point does not change but the angle

changesto a=a -9

A2.2.2 Graphical entities in L-system using turtle graphics representation
Let us consider an example of generating a variant of the Koch curve which uses only
right-angles to explain the construction of graphical curves using turtle graphics in L-

system. The grammer is defined as

variables: F

constants: + —

start: F

rules: (F —» F+F-F-F+F)

In this case as per turtle graphic representation F means “draw forward”, + means
“turn left 90°”, and - means “turn right 90°”. Three iterations of generation in the form of

string representation are given below and were shown graphically in Figure A2.2.

n=0:F
n = 1: F+F-F-F+F
n = 2: F+F-F-F+F+F+F-F-F+F-F+F-F-F+F-F+F-F-F+F+F+F-F-F+F
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I N

F F+F-F-F+F+F+F-F-F+F-F+F-F-
F+F-F-F+F F+F-F+F-F-F+F+F+F-F-F+F
@@n=0 (b)yn=1 ©n=2

Figure A2.2: The Koch curve representation in turtle graphics
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