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ABSTRACT

Due to current demand, the usage of synthetic awleincreased dramatically during
these recent years. The main purpose of this grigjéc develop and analyze the impact
strength model for human synthetic bone. The imgesttsimulation was done in finite
element analysis (FEA). The bone model geometry el designed in Solidwork
environment and imported into finite element enviment for FEA Finite element
analysis will be carried out in MSC. Patran/Mard akigor respectively. Major input
data to FEM were isotropic material model, solidneént type (tetrahedral in MSC.
Marc and brick in Algor), constraints and impacado Material properties were taken
from literature. The model were validated with psided experimental results.
Predicted stress-strain response of synthetic b@seagreeable with published report.
Based on the analysis results, MSC. Marc modeleideb than Algor. The result
obtained shows the response of synthetic bone tsaarpact loading.
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ABSTRAK

Dengan timbulnya permintaan semasa, permintaaadephpenggunaan tulang sintetik
meningkat secara mendadak sejak beberapa tahunlg@asgy Matlamat utama projek
ini adalah untuk mengembangkan dan analisa kekuatgak modal untuk tulang
sintetik manusia. Simulasi ujian impak telah dijgdan dengan menggunakan FEA.
Geometri tulang akan dibentuk dalam Solidwork d@ammbrt ke FEA. FEA akan
dijalankan di MSC. Patran/Marc dan Algor. Data wiake FEM adalah bahan modal
isotropik, elemen pepejal (tertra dalam MSC. Maan dbata dalam Algor, batas dan
bban impak Sifat bahan diambil dari sastera. Mtelsebut disahkan dengan keputusan
experimen yang diterbitkan. Respon stress-tegang wiangka adalah dipersetujui
dengan laporan yang diterbitkan. Berdasarkan kepatwanalisa, modal MSC. Marc
adalah lebih baik daripada modal Algor. Keputusaari danalisa menunjukkan
penbalasan untuk tulang sintetik manusia terha@alk.
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APPENDIX A
SAMPLE CALCULATION FOR STRESS AND STRAIN

The strain energy for the strain energy of theitmam@r beam is

P,2L?
Up = —
6E]
Where R, = static force L = length
E = modulus of elasticity | = moment of inertia

1
1= m(0.004)" = 20106 x 107" m*

U,, = 0.28]
(0.28)6(4x108)(2.0109x10-19)
P, = = 129.958N
m j (0.02)3
The maximum stress at at the fixed end B is
_ | 6U,E
om = LU/
Where U, = strain energy E = modulus of elasticity
L = length | = moment of inertia

C =radius

~ 6 (0.28)(4x108)
Im = 1(0.02)(2.0106x10-1°/0.0042)

= 51.709x10° Pa

Strain tensor calculated is

o
E - Z
Where E = modulus of elasticity
o = stress
€ = strain
_ 51.709x10°

€= = 0.129

4x108
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DATA VALUE FOR STRESS-STRAIN GRAPH
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Time (s) Stress (MPa) Strain
2e-5 15.6 3.04e-3
4e-5 33.4 6.52e-3
6e-5 53.0 1.03e-2
8e-5 74.7 1.46e-2
le-4 97.6 1.9e-2




CHAPTER 1

INTRODUCTION

11 BACKGROUND

Almost all livings thing such as animals & humarmwé bones. Bones are rigid
organs that form part of the skeleton. Bones cadymes red and white blood cells and
store minerals. Bones come in a variety of shapdg tifferent area of the body as it
provides a frame to keep the body supported. Behght in weight yet strong and hard.
There are 206 bones in a human adult body and2&Guman infant body. Bones serves
as protection for internal organs, such as thel gkotecting the brain. Bones combine
and function together to generate and transfeetso the human body parts can move in
three-dimensional space. Daily activities pose damg the bones where fracture might
occurs due to various type of loading or force ipalarly heavier action and more
extreme activities in current society increasedt@nces for bone fracture (The anatomy

and biology of the human skeleton).

Artificial bone has been developed using bone+iitaerial. It has now played an
important role in bone graft procedures which replauman bone that was lost due to
fracture. There are many researches done to dewal®gimilar to natural bone in effort
to maintain its functions in the human body. Foaraple, artificial bone has porous
structure which allows the growth of blood vess@&ene properties are important to
withstand different kinds of load especially impdaad which is the main cause of
fracture. Impact loading is the dynamic effect diody and a forcible momentary contact
of another moving body. The bone, however protete®ry vulnerable to impact load.
In this regard, knowledge of bone respond to impeadt would be useful to improve
bone properties. Unfortunately in literature, olmtyited study has been done to find out



bone respond and these are typical tensile or cesemn test because of it being an

expensive research and difficult to obtain natbrale test specimen.

In this project, the synthetic bone will be testedievelop impact strength model
since it has similar properties to natural boneuslht can show similar test result and
respond for natural bone. This synthetic bone iswoonly used in bone grafting
operation for human. Finite element analysis isiedrout to simulate the response of

synthetic bone to impact load.

1.2 PROBLEM STATEMENT

Human are highly exposed to danger that might chose fracture especially
from accidents. Accidents can be in form of casbrdall from higher place, and extreme
sports. As such, demands of bone grafting a prazfegplacing artificial bone have been
increased. . There are many efforts to createi@alifoone which is similar to natural
bone or even a more improved bone property. An niapb property of artificial bone is
the ability to withstand high impact loading. Howe\he strength of artificial bone to
withstand high impact loading is relatively unknaowrhe experimental study alone is

expensive due to high cost of the specimen.

1.3 OBJECTIVES

Objectives for this project refer to the missionrgose, or standard that can be
reasonably achieved within the expected timefranaevath the available resources. The

objectives of this project are:

1. To develop the finite element model that can ptedinpact strength of human
synthetic bone.

2. To validate finite element model with experiment.

3. To investigate predicted stress-strain respondsyothetic bone under impact

load.



1.4 PROJECT SCOPES

The scopes for this project are:

Bone geometry will be constructed using Solidwork.
Finite element model will be developed in MSC. Batand Algor.
Impact analysis will be carried out in MSC. MardaXigor.

Finite element model will be validated with pubkshexperimental result.

ok w0 b

Stress-strain relationship due to impact load ellplotted in Excel.

Bone model size is scaled down to 12.5% of theahadne to resolve the meshing
problem in finite element model. Two finite elememdes are tested to compare its
predictability. Solidworks model is imported to ifem element environment for finite

element modeling in MSC. Marc and Algor.



CHAPTER 2

LITERATURE REVIEW

2.1 INTRODUCTION

This chapter will provide the detail descriptiatedature review done according
to title of development of impact strength model fimman synthetic bone. Literature
regarding any development or experiment about poogerties is useful in this project.
This is includes the bone sizes or shapes availablirrent market, synthetic bone
material, type of test such as compression and am@ad finite element software

available for analysis.

2.2 NATURAL BONE

The primary tissue of bone, osseous tissue, isasively hard and lightweight
composite material, formed mostly of calcium phagphin the chemical arrangement
termed calcium hydroxylapatite (this is the ossei@ssie that gives bones their rigidity).
It has relatively high compressive strength, of wb®800 kg/cm? but poor tensile
strength of 104-121 MPa, meaning it resists pusfonges well, but not pulling forces.
While bone is essentially brittle, it does have ignificant degree of elasticity,
contributed chiefly by collagen. All bones cong$tiving and dead cells embedded in
the mineralized organic matrix that makes up theeoss tissue. Bone is not a
uniformly solid material, but rather has some spagetween its hard elements. The
hard outer layer of bones is composed of compane ldssue, so-called due to its
minimal gaps and spaces. Its porosity is 5-3Ubis tissue gives bones their smooth,
white, and solid appearance, and accounts for 8D#eototal bone mass of an adult
skeleton. Compact bone may also be referred t@masedoone. Filling the interior of the



bone is the trabecular bone tissue, which is coegad a network of rod- and plate-
like elements that make the overall organ lighteat allow room for blood vessels and
marrow. Trabecular bone accounts for the remai@@g of total bone mass but has
nearly ten times the surface area of compact biseorosity is 30-90%. If for any
reason there is an alteration in the strain to wiihe cancellous is subjected, there is a
rearrangement of the trabeculae. The microscodferdnce between compact and
cancellous bone is that compact bone consists wére@n sites and osteons, while
cancellous bones do not. Also, bone surrounds bilodkde compact bone, while blood
surrounds bone in the cancellous bone. Figuretbtvs section through the head of the
femur, showing the cortex, the red bone marrowasgot of yellow bone marrow. The
white bar represents 1 centimeter. Specimen olutafter total hip replacement surgery,

left hip (Basic Biomechanics).

Figure 2.1: Bone cross-section

Source: Wikimedia Commons

2.3 SYNTHETIC BONE DESIGN

There are many shapes and sizes of synthetic esignd Available shapes can
be granules, sticks, block, cylinder, and wedgee$can range from 2mm to 14 mm for
regular geometry. Different shapes and sizes selifferent purpose or area of
substitute in human bone. Figure 2.2 illustratedisstic bone size and shapes available
in the market today The synthetic bone is desigh filly interconnected pores, having
pore size between 200 to 500um, and mean porositywden 60 to 80 percent to

resemble the real bone.



Ref. Shapes Sizes

9oy K43105G-E Granules 2-3mm [5cc]

oy K43110G-E Granules 2-3mm [10cc]

a2 K431156G-E Granules 2-3mm [15¢cc]

22 K43120G-E Granules 2-3mm [20cc]

= K431055-E Sticks 5x5x20mm (box of §)

Ej:j] K43115B-E Block 15%15x20 mm (box of 1)
@ K43120B-E Block 15x20x30 mm (box of 1)
S>> K43106W-E Wedge 6mm (box of 1)
@ K43108W-E Wedge 8mm (box of 1)
[g;:; K43110W-E Wedge 10mm (box of 1)
@ K43112W-E Wedge 12mm (box of 1]
@ K43114W-E Wedge 14mm (box of 1)

Figure 2.2: Synthetic bone shapes and sizes.

Source: KasiosTCP 2010

2.4  SYNTHETIC BONE MATERIAL

A synthetic bone, so-called TCP as trade name dernépure3-TCP which is
calcium phosphate molecule similar to the minehalge of the natural bone. Mode of
operation in curing bone defects is highly bioaetii undergoes total or partial
resorption and is replace by neoformed natural bibmeindicated for filling bone
voids or defects of the skeletal system (such @gtftremities, spine and the pelvis) that
are not intrinsic to the stability of the bony sfiure. These defects may be surgically
created osseous defects or osseous defects cheatetfaumatic injury to the bone.
Kasios TCP is a bone graft substitute that resanlolsis replaced with bone during the

healing process.



It has many features and benefits including notreado foreign body, can be
replaced by natural bone, encourages a quick apkposseointegration, no risk of
immune response, no risk of cross contaminationmjskoof disease transmission,
decrease surgery time, allows for a long term oligp, and fill irregulary shaped
cavities completely (Kasios TCP 2010).

-

i
Figure 2.3: Synthetic bone microscopic view.

Source: Kasios TCP 2010

2.5 IMPACT LOAD

In mechanics, an impact is a high force or shogkieg over a short time period
when two or more bodies collide. Such a force aeberation usually has a greater
effect than a lower force applied over a propodibnlonger time period of time. The
effect depends critically on the relative veloofythe bodies to one another.

26 LABBASED TEST

Impact in laboratory scale is testing an objedilfitg to resist high-rate loading.
Alternatively, it is a test for determining the egyeabsorbed in fracturing a test piece at
high velocity. Most of us think of it as one objsttiking another object at a relatively

high speed. There are basically two types of imfests: pendulum and drop weight



depending on how the load is applied. It can bth@usrclassified as 1zod, Charpy, and

tensile impact from view point of specimen geomaeing size. (Instron 2010).

2.6.1 Pendulum Testing

The first attempts at obtaining this value were edlddy means of a swing
pendulum. A pendulum of a known weight is hoiste@ tkknown height on the opposite
side of a pivot point. By calculating the accelenatdue to gravity (32.2 ft/sec2 or 9.8
m/sec2), the engineer knows that the weight falfirmgn a set height will contain a
certain amount of impact energy at the bottom efdWwing. By clamping or supporting
a specimen on the bottom, the sample can be reléastrike and break the specimen.
The pendulum will continue to swing up after thedk event to a height somewhat
lower than that of a free swing. The engineer csa this lower final height point to
calculate the energy that was lost in breakingsipecimen. Many pendulum machines
will incorporate a pointer and energy reading de\so that calculation is unnecessary.
Examples of pendulum testing are Charpy and Izeting (Instron 2010). Figure 2.4

shows a typical 1zod impact testing machine.

Figure 2.4: Analog Charpy Izod Impact Testing Machine FIT 300

Source: Fine Manufacturing Industries 2010



2.6.2 Drop Weight Impact Test

A second method was to drop a weight in a verticaction, with a tube or rails
to guide it during the "free fall." With the heighbhd weight known, impact energy can
be calculated. In the early days, there was no teayneasure impact velocity, so
engineers had to assume no friction in the guidehar@sm. Since the falling weight
either stopped dead on the test specimen, or gestiocompletely in passing through,

the only results that could be obtained were chssffail nature.
Falling weight impact has several key advantages other methods.

1. Itis applicable for molded samples, molded pats,

2. It is unidirectional with no preferential directiaf failure. Failures originate at
the weakest point in the sample and propagate fhene.

3. Samples don't have to shatter to be consideraatdail Failure can be defined by
deformation, crack initiation, or complete fracturelepending on the

requirements.

These factors make falling weight testing a besienulation of functional impact
exposures, and therefore closer to real-life comast However, there are drawbacks to
uninstrumented falling weight and Gardener or Gardmeight drop testing (Instron
2010).

Figure 2.5: Gardner Impact Tester

Source: Qualitest 2010
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2.7 FINITE ELEMENT THEORY
In dynamic analysis, lagrangian, L is defined by

L=T-nm (2.1)
where T is the kinetic energy ands the potential energy

'L also can be expressed in terms of the genedalizariables (§ o,..., G,

41,42, -, qn) Where
d(aL) To0 =1 2.2
dt\og;)  dq; P hton (2.2)

For solid body with distributed mass, as illustdate Figure 2.6,

Fa

P = densily

Figure 2.6: Body with distributed mass

Source: Introduction to finite element in enginegri
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The density of the material is p and the velocggter of the point xis
w=[u,v,w]t (2.3)

Each element can be expressed as u in terms of dispiacement] and shape
functionN.
u = Ngq (2.4)

However in dynamic analysis, elementgodire dependent on time whi\erepresents
shape function defined on a master element. Thaleciy vector is
u=Ng (2.5)

By substituting the above equation into kineticrggesquation

1
T, = 4 [ f pNTN dv|q (2.6)
e

Where the bracketed expression is the element mas#«

mé = prTN av 2.7)
e

This mass matrix is called the consistent massixn&y summing all the element,

1. 1. ' .
T=YT,= Y >q"meq=50™MQ 2.8)
e e

The potential energy is

T = %QTKQ — QTF (2.9)

Then from L = T -, the equation of motion in finite element analysas be
generalized as
MQ+ KQ=F (2.10)

Where M is assembled mass matrix, K is assembiffidests matrix.
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2.8 FINITE ELEMENT SOFTWARE

Nowdays, variety of finite element software are arailable to solve
conveniently finite element equation for which mahsolving cannot be used. Some
popular finite element codes are MSC, Algor, ABAQUWSISYS.

Patran is a widely used pre/post-processing soéiarFinite Element Analysis
(FEA), providing solid modeling, meshing, and asa&ysetup for MSC Nastran, Marc,
Abaqus, LS-DYNA, ANSYS, and Pam-Crash (MSC softwz0&0).

Designers, engineers, and CAE analysts tasked eveghting and analyzing
virtual prototypes are faced with a number of tadidime-wasting tasks. These include
CAD geometry translation, geometry cleanup, mamuakhing processes, assembly
connection definition, and editing of input deckssetup jobs for analysis by various
solvers. Pre-processing is still widely considetieed most time consuming aspect of
CAE, consuming up to 60% of users’ time. Assembliegults into reports that can be
shared with colleagues and managers is also stéhalabor intensive, tedious activity
(MSC software 2010)

2.9  ANALYIS OF BONE USING FINITE ELEMENT METHOD

Often simple shapes and regular load configuramaegrerequisite to attaining
an analytical solution to a problem in structura@amanics. The finite element method is
one of several numerical approaches to a soluttsnuse enables engineers to solve
practical problems which have realistic shapescmplex loads. The solid structure is
represented as an assembly of a finite number ofesial volumes. Each volume, or
element, represents a real space of material witienstructure. Highly complicated
geometries can be easily modeled as an assembigpfy-shaped, prismatic elements.
A finite element analysis is often performed to [evpreliminary estimates of
deformation, strain and stress in a complicateactire. Several finite element models
with the same geometry but with increasing numhsErelements and nodes were
constructed to demonstrate convergence of theisolUne half to two-thirds of pelvic

fractures are caused by motor-vehicle accidentstuly of accident victims showed
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that 7.5% of frontal impacts produce pelvic fraegibut among those killed in lateral
impacts, more than 50% had a pelvic fracture (Gocke al., 1994). One third of

survivors of pelvic fractures have unsatisfactomgcomes after treatment (Dalal et al.,
1989; Burgess et al., 1990; Pattimore et al., 199Rgse njuries present challenging
orthopaedic problems and their prevention is anontgmt aspect of automobile design
(Accident Analysis and Prevention 31 (1999) 1093119

For instance, in regions where stresses of larggnimale were expected (such
as the auricular surfaces and the ilio- and isghibis), the size of the elements was
reduced. To predict local bone failure, a Von Misgsss yield criteria was used for the
pelvic bone. Von Mises stress was chosen becauses @onvenience to represent
general stress distribution within the structurediding to this theory of yielding,
failure occurs when the energy of distortion peit volume is equal to that associated
with yield in a simple tension test (Accident Argilyand Prevention 31 (1999) 109—
119).

2.10 IMPACT THEORY

Figure 2.7:Impact load

Source: Mechanics of Material¥ &dition
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From Figure 2.7, consider a rod BD of uniform cresstion which is hit at its
end B by a body of mass m moving with a velocify As the rod deforms under the
impact, stresses develop within the rod and reaamagimum value of stress. After
vibrating for a while, the rod will come to restjdaall stresses will disappear. Such a

sequence of events is referred to as an impacingdBerinand P. Beer 2006).

Strain energy corresponding to the maximum defaonatm is

1
Uy = Emvo2 (2.11)

Where m = mass o\ velocity

This equation is valid with the following assumpiso
1. No energy should be dissipated during the impact.
2. The striking body should not bounce off the stroetand retain part of its
energy.

3. Kinetic energy of striking body is transferred egily to the structure.

Then, for impact load shown in Figure 2.7, maximgtness was derived as

2UE mv,%E
Om = j = \/ v (2.12)
Where
m = mass E = modulus of elesticity
Vo = velocity V = volume

On the other hand, for impact loading shown in FgR.8, the strain energy for the
strain energy of the cantilever beam is
Pn’L?
6E1
Where R, = static force L = length

Up = (2.13)

E = modulus of elasticity | = moment of inertia

The maximum stress at at the fixed end B is
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6U,E

Where Uh = strain energy E = modulus of elasticity
L = length | = moment of inertia
C =radius

! I_!:I
| W
Il
| 3
Tl Ml —— = e — — —
VE
|
> B’ -

Figure 2.8: Load applied on free end of cantilever beam

Source: Mechanics of Material¥ &dition

211 MECHANICAL PROPERTIES

Material properties are vital in order to obtamacurate result. Figure 2.9

shows the range of elastic moduli of biologicalsahd conventional materials.
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Figure 2.9: Elastic moduli of biological cells and conventionahterials
Source: Mechanical Behaviour of Materialselition

Biological materials have complex elastic propettiSoft tissues exhibit nonlinear

elasticity. Hard tissues, such as bone, have arliekastic response conditioned by their
density.
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Figure 2.10: Stress-strain response for biological materials
Source: Mechanical Behaviour of Materialselition

Figure 2.10 shows the stress-strain response ofrdber of biological materials.
The strength increases as the ductility decreasethé case with synthetic material.
The strongest material in our body is the cortimaie. For our project, we will focus on
the mechanical performance of the bone. Therevaretinciple types of bone: cortical

(or compact) and cancellous (or porous) Figure Zfdvides important mechanical
properties for a number of biological materials.
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Table 3.4 | Mechanical Properties of Some Biological Materials

Fracture Stress Strain at
Materia E (MPa) (MPa) Fracture
Elastin 0.6
‘esilin |.8
Jllagen 1,000 70 009
Flbro “'1 1 G,000
“ortical bone '
Longitudinal (114-24) x |0’ 150 ~0.015
Transverse (8-18) x 10 50
1C 5 (porous) bone 0-200
I: .'.‘II(.'qu.L’.‘.“ e il‘](}.UC'G 1000 0.024
Tendon | 300 75 0.09
Keratin 2,500 50 0,02
Alpha (mammalian) Beta (birds) 2,000 )f..:.
Dentine 300 -
spicler Silk (radial) | 500 006
Silleworm Sill 500

Figure 2.11:Mechanical properties for biological materials

Source: Mechanical Behaviour of Materials&tition

2.12 STRESS-STRAIN CURVE

At a microscopic level, deformation in polymersoives stretching and rotating
of molecular bonds. The deformation mechanismsalyrpers can be divided into
brittle, ductile, and elastomeric. Polymers arece@astic, which means their stress-
strain behavior is dependent on time. Bone shovigrimation like a brittle mechanism.

Figure 2.12 shows the types of stress-strain curvagolymer.

Brittle

Ductile

Ductile
(Necking)

Stress —»

Elastomeric (Rubbery)

Strain —»

Figure 2.12:Stress-strain of polymer.

Source: Mechanical Behaviour of Materials&tition



CHAPTER 3

METHODOLOGY

3.1 INTRODUCTION

This chapter will provide the detail explanation the methodology of this
project “Development of impact strength model famfan synthetic bone” from the
beginning till the end. Methodology can properlfereo the theoretical analysis of the
methods appropriate to a field of study or to tlwalyp of methods and principles
particular to a branch of knowledge. The methodgplagt as the guidance or step that
needs to be follow and this will ensure the projdohe according to the planning.
Methodology works as an algorithm that finds a gotuin the given environment of
the multi-layered finite space consisting of litewra review. This includes identifying
the suitable material and design, creating a Sarwnodel of the design, analysis the

model, and documentation.

In analysis with MSC. Marc, dynamic load is appléecectly to the bone and
non-linearity was taken into account for large tispment. Whereas in Algor,
interactive effect between the bone and the pemdwas analyzed. Velocity and

boundary condition was acquired to pendulum.



3.2 FLOW CHART

Literature review

A 4

Identify problem statement,
objectives, & scopes

A 4

A 4

Design bone geometry using
Solidwork

A 4

Development of finite element
model in MSC. Patran and Algo

v

Impact analysis using MSC. Mar|
and Algor

(@)

Model validation with
experimental rest

Develop stress-strain relationship

A 4

Report writing

A 4

End

Figure 3.1: Flow chart
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Figure 3.1 shows the project flow which providesedter understanding on this
project. Several researches on internet and makaiable product information is
useful to provide better understanding on the ptdggyout. Literature review is vital in
getting a rough idea on project which can be setfasindation.

In the following steps, problem statement, objexgjvand scopes were identified.
This provides a guideline of procedures in orderctmplete the project. It also
functions as a checklist of things to be done leyahd of the project.

Synthetic bone model is designed using SolidwdPksosity of same size in the

actual ibe was created to make the model realiBkie.final shape is a cylindrical model.

Solidwork model was imported to finite element @omiment in MSC. Patran
and Algor to develop finite element model. Boundaondition and element model

properties are defined.

The solver used in MSC. Patran is MSC. Marc. AEament properties and
boundary condition is loaded, the analysis is edrout. The model is validated with
experimental result. The procedure is repeated flesigning a human synthetic bone
model using Solidworks if there was a significaiftedence in the result

Once the result is validated with the experimentasult, stress-strain
relationship respond of the synthetic bone is belageloped. The final stage of the
project process is documentation. Documentatiothesfull report which consists of

introduction, literature review, methodology, résand discussion and conclusion.
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3.3 BONE GEOMETRY

The design criteria are based on the shape, sizemilarity in resemblance
with the current market human synthetic bone. k@ tase, a cylindrical shape with
standard dimension was design to project bettesmbkance with real result. Using

Solidworks, several designs was made before tla diesign.

3.3.1 Designl

Solidwork is started and a new file is created.plane is chosen and a
rectangular of 2mm by 4mm is drawn on the selegiamhe. Then, the rectangle is
extruded by 6mm to form a rectangular block. It dmal dimension of 2mm x 4mm x
6mm. The porosity was created by repeat extruditdgrom two top side of the design

along the 6mm with 45 degree from opposite sideclvimtersects one another.

3.3.2 Design 2

From Design 1, a plane was created on the sudfite rectangular block at the
middle. A circle of 1mm radius is drawn at the hewreated plane. Then a cylindrical
shape is created by reverse extrude the circlenyn @long the 6mm length of the
rectangular block. Design 2 has a dimension ®flmm x Imm x 5mm. This design is
a 25 percent scale down of the real human syntbetie dimension af x 4mm x 4mm

X 20mm.

3.3.3 Design 3

From Design 2, a smaller circle is drawn with diua of 0.5mm on the same
plane created earlier. Then a smaller cylindribalpe is created by reverse extrude the
circle by 2.5mm along the 5mm length of the presioylindrical block. Design 3 has a
dimension oft x 0.5mm x 0.5mm x 2.5mm. This design was furtleeiuce to half the
dimension of Design 2 which is a 12.5 percent sdalgn of the real human synthetic

bone.
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3.4 MODEL CONSIDERATION

Two finite elements analysis software was usedH project which is MSC.
Marc and Algor. For MSC. Marc, only bone model getmy will be imported. For
Algor, both the bone and pendulum model geomethybeiimported. In both cases, the

bone and pendulum model geometry is scaled doWg.&% of the real dimension.

3.5 FINITE ELEMENT ANALYSIS

Two finite element analysis software was involvedah is Algor and MSC.
Patran/Marc was used to develop and analyze thadmmpodel. The differences in the
both software will be compared. Figure 3.2 shovesitasic input data needed for finite

element analysis.

Geometry

Meshing

/

Finite element analysis
(FEA)

Material model

Boundary condition

Input load

N

Contact definition

Figure 3.2: Input to FEA
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Model geometry used for impact analysis is 3D dsolifhe model was
constructed in Solidworks. The Solidwork model vsaved as Parasolid format for
MSC. Patran and IGES format for Algor.

Element is an important property in finite elemamalysis. In this analysis,
tetrahedral element type was used. For MSC. Paipanjogy of Tet4 is used to mesh
the bone model geometry which produced a numb865668 elements based on mesh
value of 0.05. For Algor, solid meshing with tetedhal element is used. A value of 120%

in meshing produces a number of 18091 elements.

Each part of model geometry must be assignedavikbast one specific material.
Material type and value is important to obtain #&dyeresult. For MSC. Marc material
model, approximate elastic properties were justiftmsed on Figure 2.10, where no
apparent plasticity exist in bone failure. Hende material model was described in
Figure 3.3.

Failure point

Elastic region

»
|

Figure 3.3: Stress-strain curve

On the other hand, Drucker-Prager was incorporiatédgor. The Drucker-Prager
material model is available for 2-D, brick and &#edral elements. This model is
similar to the elastic/plastic material model déssu above except that the assumption
of a yielding function is different. Basically, hmaterial model assumes that the

volumetric strain changes the yielding functionjefhoccurs in granular materials such
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as concrete and rock. The Drucker-Prager materigerties are listed below. In
addition it may be necessary to define some isatnmaterial properties. The 3-D
Drucker-Prager material model is used to modelagoal materials, such as soils,
clays and rocks. This material model uses a Yigidtion defined by

F(t)= alL(t) + a(t) — B (3.1
Where

I;(t) = 011(t) + 022(t) + 033(t) (3.2)

o(t) = \/%izlsij(t)sij(t) (3.3)

S;ij(t) = o5 — %aijll(t) (3.4)

Figure 3.4 shows the Drucker-Prager yield function

Dacket- Prager wield function (17

S

Elastic region

4,20 1 =0

Figure 3.4: Graph of the Drucker-Prager yield function.



26

Table 3.1 shows the value used for both of theefieiement analysis

Table 3.1:Material properties input value

Software MSC. Patran Algor
Young Modulus 4000 400
Poisson ratio 0.17 0.1
Density 1.6e-9 1.6e-9
Alpha 3.7
Beta 80

Boundary condition is constraints which appliedfimte element analysis to
restrict the movement of the node or surface. Tresttaint type is translation, rotation,

and contact.

Input load controls the analysis parameters aadthput of the analysis result.
Type of result can be control at the output requesiut load also control the analysis
solver as well as the duration of the analysis.dotpoad was designed by controlling
model displacement and time in MSC. Marc whereaglgor, velocity designed to
pendulum. Other input data required in each modalyais was summarized in Table
3.2.

Table 3.2:Analysis input data

Input MSC. Marc Algor

=

Analysis type Non-linear Mechanical Event Simulatd

Static with large displacement(MES)

Contact No Yes (Surface to surface)

Adaptive Yes No

Model validation was done quantitatively basedabsorbed energy from impact

load. Stress-strain values were exported to Exceévelop stress-strain curve.
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3.6 FINITE ELEMENT FORMULATION

The kinetic energy and the potential energy areveédras

1.
T = EQTMQ (3.5)

= %QTKQ — QTF (3.6)

Being Q and) are displacement and velocity terms respectively

Using L = T —m, the equation of motion is
MO+ KQ=F (3.7)

Considering material density p to be constanteteenent mass matrices is

mé=p jNTN av (3.8)
e

For tetrahedral element

N, O 0O N, O 0 N O O N, O O
o 0 N, 0O O N, O O N; O O N,

From stress-strain relation, the assumed displacefredd u = Nq will yield e = Bg

where B is constant matrix expressed as

A4, 0 0 A, O 0 A4, 0 o ~4 0 0
0 A, O 0 A, 0 0 A4,, 0 0 -4, O
0 0 A4;; O 0 A4;, O 0 A3 O 0 —A4;
0 Az Azx 0 Az A;n 0 Azz Az 0 —A; —A4,
A3y 0 Ayn Az, 0 Ay Az 0 Ags —As 0 4,
Ay A 0 Ay Ay 0 Ay Az O A —A 0
L 2 1 p

(3.10)

Where the element stiffness matrikik

k¢ = V,B"DB (3.11)
Where,



E

b=darma=m

Ve = element volume

S oo
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(3.12)



CHAPTER 4

RESULTS AND DISCUSSION

4.1 INTRODUCTION

This chapter will discuss on the results acquitecbugh different type of
analysis that had been performed in this chaptee. dnalysis was based on the impact
stress on human synthetic bone. Purpose of penfigrithie analysis is to determine the
maximum stress the human synthetic bone able tostaihd before fracture so a better
material properties can be developed. The analydlisiot cover the shape and size of
human synthetic bone which can produce differesiilteHowever, the most important

part by performing the analysis was to produceebgitoduct.

The impact stress analysis on human synthetic b@seperformed using Finite
Element Analysis Algor and MSC. Marc. The finiteemlent model analysis is a
computational technique used to obtain approximsttution of boundary value
problems. The finite element analysis was alsogoerd using different meshing, by
considering the geometry sizes of the element usedanalysis and making a
comparison between manual calculation. The restdtiected will be displayed in

graph form.
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42 COMPUTER AIDED MODEL

The model geometry was develop in Solidwork whiabuld be imported into MSC.
Marc and Algor respectively for FEA later. Theree ahree stages of development
before the final design is decided. The finiteveé@t model has 12.5 percent dimension

of the actual size. Figure 4.1 shows the initiargetry.

Figure 4.1: Initial geometry

A solid rectangular of 2mm x 4mm x 6mm. Pores dfrage size 200-300m
was created on three orthogonal surfaces usingesglurves. Internal pores were
generated by random extrusion. Crucial part in tanogon of model geometry is
creation of randomly-distributed porosity in theogeetry and scaling down to meshable
size. Since trial-and-error was the only optiorcteate the model close to real one, it
has taken a couple weeks to obtain a computablagtep.
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4.2.1 Designl

Figure 4.2: Rectangular geometry with porosity

Figure 4.2 shows design 1, a rectangular geonhetving randomly-distributed
pores. Several designs were created. Figure 4.3 ahare result of design 2 and 3

respectively after scaling down.
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4.2.2 Design 2

Figure 4.3: Design 2

As seen in Figure 4.3, design 2 is a cylinder wlithension oft x 1Imm x 1mm
x 5mm. Design 3 was similar to Design 2 since & hamaller dimension for analysis

purpose. Design 3 has a dimensiom a&f0.5mm x 0.5mm x 2.5mm.

4.2.3 Design 3

Figure 4.4: Design 3
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4.3 PENDULUM GEOMETRY

Pendulum model geometry was designed in Solidwaitk 2.5 percent of the
real dimension to adjust to the scale down modéh@bone model geometry. This
model geometry was later used to simulate impaalyars to provide better
resemblance to the real situation of impact test.

Figure 4.5: Pendulum real size
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4.3.1 Designl

19.86mm -

7.98mm
Figure 4.6: Design 1 for pendulum

Design 1 has the original dimension of the realdogum head.

4.3.2 Design 2

Figure 4.7: Design 2 for pendulum
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Design 2 is the scale down model of the originadehsion by 12.5 percent in
order to be proportional with the bone model.

4.4  FINITE ELEMENT MODEL

The model geometry of the bone and pendulum is eteshith different
meshing size respectively in MSC. Marc and AlgaguFe 4.8 shows the meshing of
bone model geometry in Algor using tetrahedral elet® while figure 4.9 shows the
meshing pendulum model geometry in Algor usingatetdral elements. Figure 4.10
shows finite element model geometry to analyzelgoA

Figure 4.8: Bone meshing with 120% mesh density



Figure 4.9: Pendulum with mesh density 100%

Figure 4.10:Finite element model geometry in Algor

36
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Ib MSC. Patran, tetrahedral meshing was used shrtiee bone model geometry.

Figure 4.11 shows the model geometry to analy23&. Marc with 35968 elements.

Figure 4.11:Finite element model geometry in MSC. Patran

4.5 BOUNDARY CONDITION

Boundary condition is applied on the model geomauigh as displacement,
velocity, and degree of freedom. For Algor, six megof freedom is constrained at the
bottom nodes of the bone. Figure 4.12 shows thendemy condition for the bone in

Algor.



38

0.000 1073 mm 247 BZ2E0 I

Z

Figure 4.12:Boundary condition for bone.

Meanwhile for the pendulum model geometry, initielocity of 3000m/s is applied to
the part. Translation and rotation of all movemwmire constrained in the y and z
direction. Figure 4.13 shows the boundary condition pendulum and Figure 4.14

shows the complete finite element model in Algor.

0000 0911 mm 1.823 2734 A

Figure 4.13:Boundary condition for pendulum
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Figure 4.14:Complete model in Algor.

For MSC. Marc, all nodes at the one end of théaseris fixed and all nodes at
another end of the surface are applied displacewie@t3mm. Figure 4.15 shows the
translation degree of freedom of all nodes at ame is constrained and Figure 4.16

shows displacement of 0.3mm at x-axis is appliedlbnodes at the other end.

Figure 4.15:Constrained nodes.
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Figure 4.16:Displaced nodes.

4.6  ANALYSIS RESULT

There are numerous parameters involve in dynamatysis using FEM. Some
of those parameters were determined from a numbgretiminary simulations. Some
parameters such as damping factor, viscosity, mimnime steps were merely assume
by default setting.

Principally, contour plots were extracted from eéolie element analysis. The
results will mainly focus on the von Mises Stresm Mises Strain, Strain Energy, and
Displacement Componenthe following section discuss present and discusdyais
result from each analysis.
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4.6.1 Results From MSC. Marc Analysis

The computation of displacement is verified in Ufey 4.17 which shows the
displacement contour. The maximum value was -0.3mmshown at the top region of
the model which is represented in white color. Vakie decreased as it approaches the
lower side of the model. This result is consisteith the applied displacement as the
applied nodal displacement is 0.3mm.

Figure 4.17:Displacement of X component
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Figure 4.18 shows predicted von Mises stress conidus result is reasonable
in the sense that region of maximum stress is éocaearly the applied impact load. In

addition, the line of maximum stress is found teshghtly inclined to the x-axis.

Figure 4.18:Von Mises stress

This is acceptable as there is randomly-distridbyperosity in the geometry
which deviates maximum stress from direction of liggpload. Maximum stress is
found to be 1420MPa.
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Figure 4.19 shows predicted von Mises strain cantdgain, the line of
maximum strain is found to be slightly inclined mdpthe x-axis. Max strain is 0.277.

The contour overall is similar with von Mises srashich proves that strain is linear

with stress for this case.

3

|

:

x S|

Figure 4.19:Von Mises strain
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Figure 4.20 shows the strain energy which is emjaivt to energy absorbed by
the bone during the impact. The highest value 2. This value is used to later

validate the MSC. Patran finite element model.

Figure 4.20: Strain energy
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4.6.2 Results From Algor Analysis

Figure 4.21 shows the computed displacement reslite maximum
displacement was the pendulum travelled distancth&impact analysis.. This result is

consistent with the applied displacement.

Displacement
X Component
mm

0003423321
- -0.02653509
-0.0564835
-0.02645191
-0 A6 032
-0.1463687
-0ATE3272
-0.2062856
L -0.2362494

-0.26620249
-0.2961602

Figure 4.21:Displacement of X component.
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Figure 4.22 shows predicted von Mises stress confbbe maximum stress
contour is located at the surface of impact. Tesilt is reasonable with the direction of

applied impact. However, the stress values arerdan predicted for impact load.

Strass
won Mises
Mo mm™2)

232723265
7540545
67 02724
55 64204
a0.27033
41 202632
2281942
2513622
16. 75201
8.379209
0001504054

Figure 4.22:VVon Mises stress
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Figure 4.23 shows predicted von Mises strain cantSimilarly, the maximum strain
contour is located nearby the applied impact. Atke, overall contour is similar with
von Mises stress meaning stress and strain ararlyneelated. Although the numerical
figure of stress and strain are far from those i8QM Marc analysis, stress-strain
relationship are agreeable in one another anal®igh stress-strain response is

consistent with the published report (Mechanicai@®aour of Materials % edition).

Strain
von hlises
mmimm

0.4515895
0.4064401
0.3612806
03161212
0.2709617
0.2258022
0.1806425
0.1354833
0.09032388
0.045 16443
4972649 e-006

Y01-0x

Figure 4.23:Von Mises strain.
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4.7 MODEL VALIDATION

Result obtained from the analysis is comparedfeemental value to validate
the finite element model. Table 4.1 shows the compa between predicted and
experimented absorbed energy. Predicted energyhbtamed in MSC. Marc analysis,
whereas Algor analysis did not provide such outgsult. Consequently, the results
were compared only for MSC. Marc. The impact modeVeloped in Patran and

analyzed by MSC. Marc is to be validated as erescgntage which is less than 5%.

Table 4.1:Energy absorbed comparison

Experimental MSC. Marc
Impact energy 0.28 0.272
absorbed (J)
Error (%) - 2.86

On the other hand, the model analyze in Algoresfied by calculated stress
value from absorbed energy. Table 4.2 shows thepadson of stress value. Stress
calculation is provided in the appendix. Error iress is acceptable for Algor model as
the error percentage is less than 5%. Overall tbdeindeveloped in MSC. Patran and

analyzed by MSC. Marc is more agreeable to experiaheesults.

Table 4.2:Stress von Mises comparison

Calculation Algor

Stress (Mpa) 51.709 50.27

Error (%) - 2.783
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As for Algor model, some assumptions made in thder@ model is too
approxiamate. This definitely affects the analyssults. The better way is to determine
the model parameters experimentally, which is bdydime scope of the project.
However, in terms of model geometry and finite edamformulation, Algor model is

more realistic.

From the project scope, stress-strain graph relstip is developed. The curve
plotted can used to validate the result and shoatemal properties. Figure 4.24 shows
the graph of stress-strain using 5 interval timeapgh plotted value is provided in the

Appendix.

120
100

80 /
60 /

o/
o/

S Vv » o )
F & KPP

Stress

Strain

Figure 4.24:Stress-strain graph

From the graph plotted, stress and strain hasrlireationship which is consistence
with published result. Thus, the result obtainedailsdated.



CHAPTER 5

CONCLUSION AND RECOMMENDATIONS

5.1 INTRODUCTION

In this chapter it will include with the overallhe results or outcomes of act or
process will be concluded as the final judgmentchmed after consideration.
Recommendations are also mentioned in this chajmerfuture improvement or

development for this project.

5.2 CONCLUSION

The finite element model has been successfullyldped to analyze the impact
response of the human synthetic bone. From anatgsigits, the impact strength of
synthetic bone can be predicted. The result obdairen both MSC. Marc and Algor
analysis is validated with experimental value. &rstrain response of bone specimen
shows that stress is linearly related to straimwib apparent plastic strain. Of the finite
element models developed and analyzed, Patran/iMade! provides reasonable results.
This model has potential to use for further analyshere experimental analysis is
prohibited.
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5.3 RECOMMENDATIONS

There are many recommendations which can be doweder to improve the
results. The recommendations which can be takencomsideration are listed below:

1. Advance learning on finite element software becabhsee are still many

parameters unexplored which could yield a more r@atewesult.

2. Animproved model geometry which resembles thehstit bone better.

3. Specific a more accurate contact simulation.



