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Abstract— The aim of this work to predict the Effective
Mechanical Properties of unit cell model for bone tissue
scaffold development applications. The bone tissue scaffold
is a construct which is used to fill the bone cavity or large
segmental defected regions of bone. The scaffold is to
satisfy the native bone properties. To achieve this the
scaffold must designed with the requirements of biological,
mechanical and anatomical parameters. In order to achieve
the above requirements the scaffold should be modelled
with controlled internal and external architectures of bone.
The mechanical properties of scaffold should be at least
nearer to that of Young’s Modulus of native bone for
avoiding of stress shielding effects. This can be achieved by
controlling the porosity of scaffold. In this work the porosity
was predicted using femur bone model by conventional
methods. The scaffold was modelled with unit cells and
Effective Mechanical Properties are predicted using Finite
Element Analysis approach for the bio-compatible materials.
Key, words:  Effective Mechanical Properties, Tissue
Scaffold, Effective Young’s Modulus, Porosity, Biological
and Anatomical Parameters

. INTRODUCTION

A. Scaffold-based Tissue Engineering:

Concept of “Scaffold-based Tissue engineering concept”
was introduced in the mid 1980’s when Dr. Joseph Vacanti
of the Children’s Hospital approached Dr. Robert Langer of
MIT with an idea to design scaffolds for cell delivery when
compared to seeding cells or mixing cells into naturally
occurring regions with effective mechanical properties that
are difficult to manipulate. Today’s concepts of scaffold
based tissue engineering involve the combination of a
scaffold with biomolecules that promote the repair and/or
regeneration of tissues [1].

Since its emergence from mid-1980s, tissue
engineering continued to evolve as an exciting and
multidisciplinary field which is aiming to develop biological
substitutes to restore, replace or regenerate defective tissues
eg: for defective regions of bones. Cells, scaffolds and
growth-stimulating signals are generally referred as key
components of engineered tissues. Scaffolds are made up of
polymeric biomaterials that provide the structural support
for cell attachment and subsequent tissue development [1].

B. Bio-Mechanics:

It is the study of structure and function of biological systems
such as human beings, animals, plants by applying the
methods of mechanics. It is closely related to engineering
because it uses techniques related to mechanics by analyzing
the biological functionality. Some simple examples that can
be applied to the Bio Mechanics are Applied Mechanics,
Material Sciences etc.

Best scaffold for an engineered tissue should be the
extra cellular matrix (ECM) of the target tissue in its native
state. However the multiple functions, the complex
composition and the dynamic nature of ECM in native
tissues make it difficult to mimic exactly. Therefore,
contemporary concept of scaffolding in tissue engineering is
to mimic the functions of native ECM, at least partially. As
a result, the important roles played by scaffolds in
engineered tissues, are reviewed accordingly. They are as
follows:

1) Architecture:

Scaffolds should provide void volume for blood vessel
formation (vascularization), new tissue formation and
remodeling of fractured tissues so as to facilitate host tissue
integration upon implantation. The bio materials should be
processed to give an enough porous structure for efficient
nutrient and metabolic transport without compromising the
mechanical stability of the scaffold [2].

2) Cyto and Tissue Compatibility:

Scaffolds should provide sufficient support for endogenous
cells to attach, grow and differentiate during both in vitro
culture and in vivo implantation. The biomaterials used to
fabricate the scaffolds should be compatible with the
cellular - components of the engineered tissues and
endogenous cells in host tissue [2].

3) Bio-Activity:

Scaffolds may interact with the cellular components of the
engineered tissues actively to facilitate and regulate their
activities. The scaffold may also serve as a delivery vehicle
or reservoir for external growth and to stimulate signals such
as growth factors to speed up regeneration of tissues. In this
regard, the bio materials need to be compatible with the bio
molecules and shoe response to an encapsulation technique
for controlled release of the bio molecules with retained
bioactivity [2].

4) Mechanical Property:

Scaffolds should provide mechanical and shape stability to
the tissue defect. The intrinsic mechanical properties of the
bio materials used for scaffolding or their post-processing
properties should match with the host tissue. Recent studies
on mechanobiology have highlighted the importance of
mechanical properties of a scaffold on the seeded cells. It
should mimic the mechanical properties of host tissue such
that its properties can be matched with the host [2].

Il. FABRICATION TECHNIQUES

In the body, cells and tissue are organized into three-
dimensional architecture. For an engineer these functional
tissue and organs, scaffolds are fabricated by different
methodology to facilitate the cell distribution and guide their
growth into three-dimensional space. There are many
methods for fabrication of scaffolds. Some of the important
techniques for scaffolds fabrication are mentioned here.
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A. Solvent Casting:

Solvent casting property for the scaffolds preparation is very
simple, easy and inexpensive. It does not require any large
equipment. It is totally based upon the evaporation of some
solvent in order to form scaffolds by one of the two routes.
One method is to dip the mold into polymeric solution and
allow sufficient time to draw off the solution as a result a
layer of polymeric membrane is created. Other method is to
add the polymeric solution into a mold and provide the
sufficient time to evaporate the solvent that create a layer of
polymeric membrane, which will adhere to the mold [3].

B. Particulate-Leaching Technique:

It is one of the popular techniques that are widely used to
fabricate scaffolds for tissue engineering applications. Salt,
wax or sugars known as porogens are used to create the
pores or channels. Here salt is grounded into small particles
and those particles of desired size are poured into a mold
and filled with the porogen. A polymer solution is then cast
into the salt-filled mold. After the evaporation of the
solvent, the salt crystals are leached away using water to
form the pores of the scaffold [3].

C. Gas foaming:

Many of the fabrication techniques require use of organic
solvents and high temperature. The gas foaming scaffold
fabrication technique does not require the utilization of
organic solvents and high temperature. This technique uses
high pressure carbon dioxide gas to saturate the polymer
with gas for the fabrication of highly porous scaffolds. The
porosity and porous structure of the scaffolds depend upon
the amount of gas dissolved in the polymer. Under this
condition, dissolved carbon dioxide becomes unstable and
will phase separates from the polymer. The carbon dioxide
molecule becomes cluster to minimize the free energy; as a
result pore nucleation is created. These pores cause the
significant expansion of polymeric volume and decrease in
polymeric density. A three dimensional porous structure
(scaffolds) is formed after completion of foaming process
[3].

D. Phase Separation:

Phase separation technique requires temperature change that
separates the polymeric solution in two phases, one having
low polymer concentration (polymer lean phase) and other
having the high polymer concentration (polymer rich phase).
Polymer is dissolved in phenol or naphthalene, followed by
dispersion of biologically active molecule in these solutions.
By lowering the temperature liquid-liquid phase is separated
and quenched to form a two phase solid and the solvent is
removed by extraction, evaporation and sublimation to give
porous scaffolds with bioactive molecules integrated in to
that structure [3].

E. Electro Spinning:

This technique for the scaffolds designing utilizes the
electrostatic force for the production of polymeric fiber
ranging from nanoscale to microscale. This process is
controlled by high intensity electric field between two
electrodes having electric charges of opposite polarity. One
electrode is placed in the polymer solution and other is
placed in collector. Generally polymer solution is
pumpedsult in forming a drop of solution. Afterwards,

electric field is generated, which intends to produce a force,
due to this the droplets results to overcome the surface
tension of the solution. A jet of polymer is ejected, which
produces the fibers, at the same instant the solvent starts
evaporating due to jet formation and continues after the
nano fibers are deposited to collector [3].

F. Rapid Prototyping:

It is also called as solid free-form technique. This technique
is more advanced technique for scaffold fabrication. It is
computer controlled fabrication technique. It can rapidly
produce 3D object by using layer manufacturing method. RP
technique generally comprises the design of scaffold model
by using the computer added design (CAD) software, which
is then expressed as a series of cross section involving the
unit cells. Corresponding to each cross section RP machine
lays down a layer of material starting from the bottom and
moving up a layer at a time to create the scaffolds. In typical
example, image of bone defect in a patient can be taken and
develop 3D CAD computer model. The computer then can
reduced the model to slice or layers. The 3D objects are
constructed layer by layer by using RP techniques such as
fused deposition modeling (FDM), selective laser sintering
(SLS), 3D printing (3D-P) or stereo lithography [3].

G. Freeze Drying:

This technique is used for the fabrication of porous scaffolds
which is based upon the principle of sublimation. Polymer is
first dissolved in a solvent to form a solution of desired
concentration. The solution is frozen and solvent is removed
by freeze drying under the high vacuum that fabricate the
scaffold with high porosity and inter connectivity. This
technique are applied to a number of different polymers
including silk proteins PGA, PLLA, PLGA, PLGA/PPF
blends. The pore size can be controlled by the freezing rate
and ph. A fast freezing rate produces smaller pores.
Controlled solidification in a single direction has been used
to create a homogenous 3D-pore structure [3].

I1l. POROSITY MEASUREMENT

Porosity or void fraction is a measure of the void (i.e.,
"empty") spaces in a material, and is a fraction of the
volume of voids over the total volume, between 0 and 1, or
as a percentage between 0 and 100% [10].

v _
Porosity(%) = v” VoV

b Ve (1.1)
V}, — Bulk Volume, V, — Pore Volume, V, — Matrix Volume
The methods used to measure porosity are listed down in the
flow chart given below [4].

Poromity Measurement

Thenetical meeibsads BEM docihn i quse

Valurse duespladesnest

1Bl

Linit gubs; analysis Mlasa technique

Fig.1: Flow Chart for Porosity Measurement Techniques
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Femur bone was cut at proximal diaphysis, distal
diaphysis and head regions. Dimensions of Sample bone
pieces that are cut are mentioned below:

block
7 rectangular 44.34 42.85
block
8 rectangular 37.46 36.36
block
rectangular
9 block 42.55 40
10 Ring 17.26 20
11 Ring 14.50 18.18
12 Hollow 5.58 6.25
cylinder
13 Hollow 16.55 17.24
cylinder
14 Sphere 68.13 66.66
Table 2; Porosities of Femur Bone Samples
Porosities are calculated for proximal diaphysis
region, distal diaphysis region and head regions.
Comparison of porosities is done and mentioned below:
s Mass based | Volume based
No. Region (%) (%)
1 Distal diaphysis | 33.37-44.34 33.33-42.85
2 Proximaldiaphysis | 5.58-17.26 6.25-20
3 Femoral head 68.13 66.66

Breadth .
Specime | Specimen Ler? gt /Diamete Thlcsknes
n No. Shape (mm) r (mm)
(mm)
1 Ring 0.71 3.2 0.35
2 Ring 0.78 3.22 0.31
3 Ring 057 3.09 0.33
4 rectangula |, o, 1.50 0.31
r block
5 rectangula |, 5 1.34 0.26
r block
6 rectangula |, o 0.96 0.26
r block
7 rectangula |5 ¢, 1.32 0.30
r block
8 rectangula |, ;5 1.64 0.24
r block
9 rectangula | -, 45 1.88 0.25
r block
10 Ring 0.66 3.19 0.29
11 Ring | 1.009 | 3.6 0.35
12 hollow |, 49 2,67 0.57
cylinder
13 hollow |, /g 3.46 0.61
cylinder
14 Sphere 4.30

Table 1: Dimensions of Femur Bone Samples

A. Mass Based Technique:

POI’OSity (%) = [Mj*loo
Wwet — Waup

1.2)
Wet — Wet Weight, Wy, — Dry Weight, Wy, — Submerged
Weight [4].

B. Volume Based Technique:
Porosity (%) = [Vl -V j*lOO

2 _Vs
V1- volume of liquid level before immersion of
bone specimen, V,- volume of liquid level after immersion
of bone specimen, V- volume of liquid level after removal
of bone specimen [4].
Bone pieces that are cut are performed the
experimental methods i.e. mass and volume techniques to

predict their range of porosities. Porosities in (%) are

(1.3)

Table 3: Comparison of Porosities
These values of porosities are in good comparison
with native bone porosity ranges [5].

IVV. DENSITY MEASUREMENT

Density is a salient property of bone and plays a crucial role
in determining the mechanical properties of both its
cancellous and cortical structural forms. Density is defined
in a number of ways at either the bone tissue (Dapp,
apparent) or the bone material level (Dmat, material). The
concept of density is relatively simple, but measuring it in
the context of bone is a complex issue. The third dimension
of the problem is the concept of porosity, or BV/TV (ratio of
bone material volume over tissue volume). Recent
investigations from our laboratory have revealed an
interdependence of Dapp and D mat in the cancellous bone
of at least four different cohorts of human patients.

The measurement of the apparent density of the
samples has been determined by the ratio between the
weight and the volume of the samples. The measurement of
the weight has been performed by the use of a weighing
balance.

A. Sample Calculation:
Volume = w/4*(d?-(d-2t)%)*I
Diameter(d)=3.24cm
Thickness(t)= 0.35 cm
Length(l)= 0.71cm
Volume=2.48cc
Density = 1.34 g/cc
The densities of all bone samples that are cut are mentioned
below in table:

(1.4)

Specimen | Specimen Mass based Vt;JIume
; ased
No. shape Technique o
(%) Technique
(%)
1 Ring 42.12 10
2 Ring 33.37 36.36
3 Ring 36.57 40
4 rectangular 3853 33.33
block
5 rectangular 33.58 33333
block
6 rectangular 36.95 375

Specimen Specimen Mass | Volume | Density
No. Shape (9) (cc) (g/cc)
1 Ring 3.324 1.318 1.341

All rights reserved by www.ijsrd.com 733




Prediction of Effective Mechanical Properties for 3D Bone Tissue Scaffold
(IISRD/Vol. 3/Issue 02/2015/184)

2 Ring 3.847 1.283 1.579

3 Ring 2.786 0.964 1.532
rectangular

4 block 1.436 1.133 1967
rectangular

5 block 1.553 0.884 1.756
rectangular

6 block 0.918 0.595 1543
rectangular

7 block 1.470 1.083 1357
rectangular

8 block 1.506 0.855 1.759
rectangular

9 block 1.933 1.195 1616

10 Ring 1.007 1.015 0.992

11 Ring 1.900 1.834 1.036

hollow
12 cylinder 8.633 5.639 1.531
hollow
13 cylinder 6.355 5.314 1.196
14 Sphere 22.154 | 41.804 | 0.529

Table 4: Densities of All Bone Samples

These calculated densities of various regions of
bone are in good comparison with standard values. Table
showing the comparison of densities of various regions of

bone is [5]:
S. Region Calculated As per
No. g range(g/cc) | literature(g/cc)
1 Distal diaphysis | 1.267-1.759 1.5-1.75
2 | Proximal diaphysis | 0.992-1.531 1-15
3 Femoral head 0.529 05-1
Table 5: Comparisons of Densities of Various Regions of
Bone

V. UNIT CELL MODELLING

A. Geometric Evaluation of Unit Cell Model:

Unit cells with controlled micro architecture have been
developed for load bearing orthopaedic applications. The
controlled micro architecture refers to a repeating array of
unit-cells which make up the scaffold structure. The
objective is to characterize the mechanical performance of
these unit cells with increasing porosity, using finite element
analysis (FEA) and to compare the results with standard
results.

B. Closed-Cellular Tissue Engineering Scaffold:

The cells need certain pore size of tissue substitute to allow
proliferation, and it is necessary for tissue engineering
scaffolds to be a porous structure. Geometrically, the
problem due to the assembly of some polyhedrons may
generate the enclosed pore. The material removal in
enclosed pores after the fabrication using AM techniques is
then not possible. Consequently, polyhedrons have null
porosity [6].

C. Open-Cellular Tissue Engineering Scaffold:

Apart from the closed-cellular tissue engineering scaffolds,
the wireframe of the polyhedrons can be thickened to make
the pen-cellular tissue engineering scaffolds. For open-

cellular form of polyhedrons, the pores can be geometrically
generated by two ways
1) Pore between polyhedrons (conventionally seen
from assembly of close form polyhedrons)
2) Pore inside polyhedrons excessive dimension of
beam thickness may also generate enclosed pore

[6].

For better understanding of the effect of beam
thickness dimension on the generation of enclosed pore, it is
desirable to investigate how the ratio between pore size and
beam thickness (PO: BT) influences the geometry of open-
cellular polyhedrons. The evaluation was performed by
creating three-dimensional CAD models of polyhedrons,
which passed based on various PO: BT values were 1: 1, 2:
1,3:1,4:1,5:1,6:1,8:1,10: 1, and 12: 1. The PO: BT
values of each open-cellular form of polyhedrons which
produced enclosed pore would be excluded.

D. Modelling in Pro-E:

Depending upon the interfacial connectivity and the total
surface area of the unit cells four types are chosen. These
unit cells are modelled in Pro-Engineer Software and
applied to scaffold engineering concept.

Fig. 2: Hexahedron

Fig. 5: Truncated Octahedron
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E. Porosity of Unit cell:

The porosity is determined by the relationship between the
volume of scaffold material and the apparent scaffold
volume (bounding volume of scaffold). The mathematical
formula relating to the porosity calculation is given in the
following equation

Porosity (%) = [1_\/5]*100
Ve (L5)
— V, - Volume of Scaffold Material

— V, - Volume of Apparent Solid
The porosity ranges from 0-100%.The nearly “0%”
value means the scaffold is dense (solid) whereas the nearly
“100%” value means the scaffold is more porous. Unit cells
are modelled based on the above porosity and beam
thickness ratio (PO:BT). Porosities and PO:BT are

compared and plotted against a graph [6].

——hexpbaikion
—— tubectahedron
runcated cotabedion

= truncated hesshedron
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B2 R &0 51 & ELO1ed AR

Fig. 6: Graph Depicting The Variation Between Porosity
And PO:BT From Calculated Values

VI. FINITE ELEMENT ANALYSIS

Selection of designed scaffold unit cell Finite element
analysis (FEA) software (ANSYS) was used to analyze the
designed unit cells to predict their effective mechanical
properties. Results of a sample unit cell are presented for the
unit cell with characteristic geometrical parameters, applied
boundary condition, and the contour plot of the reaction
force. The unit cell geometry is 1mm*1lmm*1lmm. The
scaffold cellular unit cell model was generated in
Pro/Engineer, and converted to STEP format and then
imported to HYPERMESH to mesh the unit cell. Then it is
exported to ANSYS to do FE Analysis. The average
reaction force (RX) was calculated for every node on the
constrained surface, and used to calculate the effective
modulus EXX. Results of the designed varying sizes of the
unit cell to model various porosities vs. different
biomaterials of Hydroxyapatite, L-PGA and L-PLA are
presented and plotted [6].

A. Boundary Conditions in ANSYS:

One of the faces is totally arrested to move. And the other
opposite face is allowed to move 1% (UX) of its total length
(LX). Force required to move the unit cell through 1% of its
total length is calculated and Effective Young’s Modulus
(EXX) for all unit cells that are modelled is calculated by
the formula [7]:

Foo— OX _ (Rx/Asxz)
R ey (Uy/Ly)

%

Fig. 7: Bondary Conditions for Unit Cell

Unit cells are modelled based on the region wise
porosities in Pro-Engineer software and they are meshed in
HYPERMESH and then exported to ANSYS to determine
the Reaction force (RX) on area (ASX2). Graph
representing the Effective Young’s Modulus for four
different types of unit cells for poly lactic acid material with
E value 2GPa is:

Fig. 8: Graph Depicting the Variation of Effective Young’s
Modulus with Porosity

B. Concept of End Effector for Unit Cell Block:

End Effector concept was introduced to the unit cell to
increase the Effective Young’s Modulus for unit cell blocks.
Analysis is carried out two regions confined and unconfined
regions. Confined region tells us the behavior of unit cell
block with the effect of adjacent unit cells but unconfined
region depicts the behavior in presence of adjacent cells [8].
Modelled unit cell blocks with and without end effector is:

Fig. 9: Unit Cell Blocks With and Without End Effector
FE Analysis is carried out similar to the unit cell
analysis and comparison between confined region and
unconfined region is predicted and plotted in a graph. A
graph is given below for Truncated Octahedron comparing
the values for Effective Young’s Modulus for confined and
unconfined regions.
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Truncated Octahedron

Fig. 10: Graph Depicting the Variation of Effective Young’s
Modulus for Confined and Unconfined Rgions

VII. IMPLANT APPLICATION

Bio-mimetic scaffolds with porosity range 5%-20% for the
proximal region is developed using Pro-Engineer software
and its Effective Young’s Modulus is calculated. Scaffold
with 5% porosity for proximal region is shown below:

Fig. 11: Bio-Mimetic Scaffold With 5% Porosity

A. Compressive Test on Biomimetic Scaffold:

All conditions of the body movements were considered and
an average of 5 times the body weight i.e., (5x600N) is
applied on the scaffold to study its behavior. The
characteristics of scaffold are compared with native bone
model.

Maximum stress and displacement for all the
scaffolds and native bone model from MIMICS in the
porosity range for proximal region is tabulated and given
below [9]:

Model Porosity Stress Developed | Displacement
(%) (MPa) (mm)
Intact 510 20 3.57 0.0023
A 5 3.59 0.0031
B 12 3.47 0.0035
C 20 3.42 0.004
Table 6: Comparison of Characteristics of Scaffold with

Intact Model

VIIl. CONCLUSION

In this work the porosity of bone samples was predicted by
conventional methods. The unit cell model with varying
porosity were created and Effective Young’s Modulus was
predicted using FE approach. The predicted values has a
good agreement with previous literature. The bio mimetic

implant was developed with the hexahedron unit cells of a
5% porosity. FE analysis was carried under the assumption
of 5 times the body weight loading conditions. The stress
and displacement was predicted as shown in table 6. These
stress values are compared with intact model results. Further
study is required to analyze the biological site.
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