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ABSTRACT

"Determination of Elastic Constants of Fresh and Compact
Animal Bone"

INGER, ERK

M.S, in N.E,

Supervisor : Asst. Prof. Dr. Yalgin MENGI

January, 1976 58 Pages

Investigation of bone properties is important for the

assesment of its biological and mechanical functions.

Elastic properties of bone is related to its
mainly to its collagen constituent which is a ne
fibrils. Arrangement of mineral crystals in cal
the fresh bone may approximately be described by
having a hexagonal symmeiry, which contains five j

coefficients.

In this study, the five eclastic coeffiei
compact ﬁong arc experimentally determined us
by performing three indcpendent tests, namely
pressure and pure torsion tests. The techni
Young's Moduli, Poisson's ratios and shear 1
ions, are also deotermined by rclating them t

found alrcady.

. _For obtaining the five elastic ¢
in which the oxperimental data is linearly ap




sethod of least squares, is developed.

In the view of the discrssions presented, it is concluded
that the elastic constante obtained in this study can reliably de

used in future studies in diocengineering.

Key words : bone, cocllagen, hexagonal, elastic, strain gage, '

Young's modulus, Poison's ratio, shear modulus.




OzeT

"aze ve Kompakt Hayvan Kemiginin PBlastik Sabitlerinin
Bulunusu"

iNGER, ERK

Yiiksek Lisans Tazi, Mak. Miths B&liimii

Tez Yonetici: Y. Prof.Dr. Yalgin MENGI

Ocak, 1976 : 58 Sayfa

Kemik dzelliklerinin aragtirilmasi, kemifin biyolojik ve

mekanik fonksiyonlarinin anlagilmasi igin Onemlidir.

: KemiZin elastik Szellikleri, baglicasi, organik protein 1i
sebekesinden meydana gelen kallojon elemani olmak lizere,
meydana getiren elemanlara baglidir. Kollojen igindeki
kristallerinin diizeni, taze kemiZin yapisinin ya

hegzagonal simetriye sahip ve beg 2lastik sabiti i

malzeme ile temsil edilecefini gOsterir.

 Bu galigmada, taze ve kompakd kemige ait beg olast:
streyn geyg teknigiyle, g¢ckme, hidrostatik bas:.ng ve Y
lerinden 'olu'gan iig bagimsiz test yapilarak, deneyse:
Ayn1 zamanda, cegitli yénlerdeki, Young modiilleri, Po;
ve lkayma m.odiillarinden olugan telmiksel !.&hﬁim zate
elastik sabitlere bagli olarak elde edildi.

Blastik sabitlorin olde odilmesi igim, ¢




programi geligtirilmigtir,

Yapilan tortigmalarin 1giZi altinda, bu galigmadaki buylunan
elastik sabitlerin bio—milhendisliZin gelecektcki galismalarinda

givenle kullanilabilecegi sonmcuna varildi,

Anahtar Kelimeler: kemik, kollojen, hegzagonal, elastik, streyn geyg,

Young modiili, Poisson orani, kaymn modiilii.
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Chapter I

INTRODUCTION

Bioengineering is a field of study in which engineers,
doctors, physiologists and other related scientists cooperate in
the development of instruments, procedures and technigues
nccessary to trecate the problems of living systems. Mechanics,
materials, physiologzy, medicine, surgery, pathology, prosthesis,
dentistry, athletics, social and environmental fields are some of

the common areas of study in bioengineering.

The human body consists of trillions of cells, organized
into tissues, which arc organized into organs and organﬁtia$95*4 .
systems. Each organ has a diffcrent structure adapted for
definite functions in the body. In human beings, the
very complex and their functions highly varied. The q
analyses of the relationships bctween structure and
and application of the results to man in hecalt and
that these rclationships are the function of the pl
properties of tissues and their constituents, cha
and spacc. For this rcason, the basic properties
tissues are the major objectives of bioengineeri

also involves surgical and medical rescarches

from health and diseasc problems of human-bgma“
the resecarch related to the safoty of highway
to design systems that will lessen the terr

by using cnergy absorbing devices.

The other ficld of biocngincoring is




cosmatioallys In douigning prosthotie devices such as artificial
loga and Joint replacenente, biochemiond, physiological, histological
and pharmagologlonl properties of misming and replnced parts are

to be taken inte conmideration. In all branches of bioengineering
glindion realatoed to blood, Lendon mnd skin propertiecs, muscle

mochanion, lung olasbioclly, nrberioms, heart, cartilage and bone

charactoerintion nro vory important.

Among the maveral Loples mentioned above, properties of bone
ie an fmportant fiold of reosearch, in particular, in examination of
meohanical and biological functions of bone. Fractures, crippling
injuriom and aalformatione of the bone, in human beings,"naaeﬁsﬁf““-
this work to f'roe thom "rom_pain and suffering. To&ay, ggﬁyr;:hﬁg
gurgoonh can moke bone gro’te to roplace damaged arcas, &I
bony timpue and cronte now sockete for the end of the |
have been injured or destroyed by disecase. A number
have now beon cotablished, from which bone tissue
The orthopedic spocialiste and bioengincers res
pergons to useful setivity who would otherwisc hav

diﬂablod.

']

The bono hag four important biological £
addition to ite obvious use of basic shape and
muscles which are attachod to bonos permit th
for tho body, Bonen act also as protecﬁiﬂ?I;Lhw
ag in the came of the slull protecting |
tissuo is a storage depot for minerals wh
noeded by the body., Cortnin highly spec



“n B cOvared by i ny, FTibrous layar of oell called the

poriostotum goe Flp.l), Ustach '8 oOFr bor b l4ing colls are
within thoie layer., The minsrsl ocancnent oF bLond y which containg
a protein netv cal + collagon, ra daposited in this layars

honeath the porioastocvwm, Bono %tigsue 18 oorous Aduce 1o & syl en of

chenncls, callsd Haversisn cenale which provide pathuays for blood

-
b= |
b !
-
<

nterior of tho UOnNoe Th«Q

apesiramon | M
VoEECAR

intericr of long bone 18 filled with marrovw s a!";,"t, fatty substances.

45 of the totel welght of bonoe consiet of minersl substances,
mainly calcium ealte, o 0. 1% wntor constituents and the remainder
{9 compomzd of organie mat :‘11' e, f}J n netuerk of profain f‘k’t&L

Al1las Barnnvgs r $ P — ' e - n -'—‘
collngen, Because o 1 consbtitoont artoriale, bone 18 oXvro :
hard, Ite clastic properties ecrc dus to tho arrangement of

erystals within tha ecollagen notwork,

FUKADA and YASUOA (1) Adsscribs collagen to be &
protein with s long sequonce of polypeptide chaln®,
makes 2 holical eonfiguration and threc strands of cgep
chaine are rogularly combined in a long rodlike molocules
of hydrogen arc formod botween WHE cnd CO groups of the:
The direction of hydrogen bonds lies almost along the le
molecule, which i the dircction of the 7iber axis 4
fibrila, The crystallographic symmeiry in cryﬁft.-ﬂlg.

supposed to be hexaponal.

Dotormination of streins in any skeletal
induced strees is = AL 7erent aspoct of bioeng
suggested by soveral authore that 'piewolmtﬂ
may have important phyeioclogical “unctiong, 9

3



Bone is covered by a thin, Tibrous layer of cell called the
periosteoum (sce Fig.1l). Osteoblasts or bono building cells are :
within this laycr. The mineral component of bone , which contains
a probecin ne%work called collagen, arc deposited in this layers

beneath the periostcouvm. Bone tissue is porovs due to a system of
channels, callecd Haversian canals which provide pathways for blood

vessels and nerves to travel to the interior of the bone« The

interior of long bone is filled with marrow a soft, fatiy substances.

45%'of_thc total weight of bone consist of mineral substances,
mainly calcium salts, 25% of it water constituents and the remainder
is composcd of organic materialy chiefly a network of p@ﬁfﬁi@‘?
collagen. Becausc of its constituent materials, bone is
hard. Its clastic properties arc duc to the arrangem

crystals within the collagen network, : -

i

_ FUKADA and YASUDA (1) describe collagen to
protein with a long sequence;of polypeptide ck
makes a helical configuration and threc strands
chains are regularly combined in a long rodlike
of hydrogen arc formed between NH and CO gro
The direction of hydrogen bonds lics almost
molecule, which is the direction of the fiber &
fibrils. The crystallographic gymmetry in

supposed to be hexagonal.

Determination of strains in



Enlarﬂed section o compact

bate phowing ‘the Haversien

systems, blocks of concentrie.

prape =

loyers o,! borre. deposited srund

a4 centrsl canal.

Detail of * Haversian systemt
Showving bone cells, osteocytes,
in their chambers, lacunae. The
(acunse communicate uith the

Hoversian canel -H'rrmgh the canaliculu:

—— - =P, 0 P e L S ST . IR e pp= |

-

Stap of one shell from Hoversion -
syslem ghowing the two ptructunl
<laments of bone, the collegen .
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properties of bone is explained by GJELSVIK (2). Bone is electrically
polarized, when it is subjected to any load. The magnitvde of the
polarization depends on the electric “icld induced in the material,
The loaded membrane of bone will act as a conductor and neuvtralize

the induced surface charge on the bone. The relation between polariza=
tion vector Pi and indvced stress components-cj is epresscd by the

relation

Pj= dj3 93 « (i=1-3) (j =1-6) (1.1)

where di.'s are the piczoclectric constantss, In Eqn.(l.l) indical

notation is used, In this notation any repeated index implies summa=
tion over the range of that index. FUKADA and YASUDA (1) observed

the direot and converse piczoclac$ric cffects of tendon

collagen in the case of bone, is highly direction

maximum value Ior shear strecss and a migimﬂm_qggr
tensile stress, In long bones, like femur,
collagen fibers may or may not be paralel
the maximum is found for the stresses d:
collagen axis. The piezoe¢lzctricity a
stress on owienmted long chains fibrous
being a displacement of charge due
linkages in the molecular st:
a requirement for piezozs
of ‘well ordered asym

uniaxial system



Elastio propertius o bone arc directly related with the
collagen which is the major constituent of it, Hexagonal symmetry
of orystallites of bone is attributed to the collagen whose crystals
are supposed to be hexagonal. The hexagonal elastic material can be
described by five independent coefiicients. When it is referred to
a oylinderical coordinate system (r, ®, z) in which the z-axis
ooincides with the symmetry axis of the material, the linear elastic

stress—-strain relations can be written as

12
11
13

11 i
13

33

12

13

= T I = S = 1 %
m

44 21
Gi 2e

= gl L Al

o O o G a O
Qo @ O a a Q
QO O © @ €€ 3
OO IEY I e D)
(= L = T o (= ()

where G, = 1/2(C ) and cij's are the elastie oo

11-012
and 1. .'s are the strain and stress components re
1ijl:er:;'_gure contains extensive information for the
dynamic mechanical properties of both human ar 1 4
considering it, as an isctropic material,

information concerning these five elastie

SIDNEY B, LANG (4) measured five
bovine phalanx, dry femur and fresh



that has a hexagonal symtetry. In that stvdy, samples are placed

betwoen two piesoclectric transducers. Transmitting transducer is

4

exitod by a pvlse, tronsmiticd signal is detocted by the receiver
transducer and it is amplified by o two stage wide band amplifier.
The wvelocities were calculated from the transmission times and
physical dimensions of tho specimens. Time measurements of ultra-
gonic pulses through the material are obtained by mecans of a
(0=100) ysec dolay potantiomoter and an electronic time interval
counter. This procedurc is ropeated in different directions of

geveral specimens preparad Srom animal bones.

J. I. BRASE and J. SKORDCKI (5) dotormined the modulus of
elasticity of bone by a wibration mothod, The specimeﬂsysxe;gmﬁ

from tibiae o older boe” cattle from the transyorss and

longitudinal vidbraticns o the spocimon, the dynamic el
of bone has beon cbiained with the help of a small wib®

ogcillator and microscopo.

-

In the transvorse vibration experiment, the
(100 x 2.5 x 2,5) m= hawving vnifora rectangular

clamped 2t one end in a clectiromaznetic vibrator

clamped end. A node will “orm near the
at which the resonance occuvrs will be g

(see the Appendix A)

Cosh "(kL) Cos (KL) =



and L is the length of the specimzn, i is mass per unit length, w is
angular frequency, & is Yecung's modulvs and I is the moment of inertia
of the cross section of the specimen. The freqguency of induced
vibration f is varied and noted at resonance. For each Specimen as
many modes as possible exited under magnification. The position of
nodes found by plotting the whecle mode i.e., the amplitude of
vibration for various points along the beam. The expression which

relates Young's modulus to the “requency is (see the Appendix A)

48 ﬂzp £21,4 :
E= s (1.4)
6cL)? n2 '

-

where ¢ is mass per unit volume and h is height of cross section.

(kL) values are obtainad by solving Bon. (1.3) which is the frequer

equation for the fransverse motion of the beam. By inserting
freguencies, which are obisined in the experinents, into

Young's moiulus of the spacimen may be obtained,

For the longitudinal vibration experiment, s
clamped at one end in an clectromasmetic vibrator so
long axig is perallel to the dirsction of'vihmatﬁgm*{'
vibration oI a beam is similar to that of the colum

oOrgan pipe. As it is explained in the Appendix B,
corresponding to lowest mode is cqual to (4E§@
of the beam. For the lowest mode of longituvdinal

modulus is related to *requency by (sec the Ap



which determines the wvalue of Young's mndulus when the freguency f
ig obtained in the experiment.

STANSON, FREEMAN and DAY (6) cxamined the “atiguc propertics
of bone specimens which are extracted cortices of human femura by
performing rotating cantilever ratigue test. Having machined the
specimen, a lathe is prepared and the specimen is replaced in the
chuck, A weight is suspended by using a ball bearing which is
attached to the free cnd of the test specimen so that the specimen
ig loaded as a cantilever. The spocimen is then rotated by the

lathe motor so that all the clements of bone are subjected to

compressive and tensile stresses. The experiment continued until

the specimen is fracturcd.
SIMKIN 2nd ROBIN (7) described mathod o# calculating the
bending moment et failurc and modulus of clasticity in .

bone, Cortical bone spccimens are tested in tension, cot

tibia bone in living dogs, He rec

¥o 36 hour, Bonding of the long




adhesive.

LISSNER (9) applied the stroin gages to bone cadavers to
evalvate the effects o impact forces. ROBERTS (10) advised
fabrication of prewired gage wnits which can function on bone, in
cadavers for three montlhis and living animals for three wesks, Then
LANYON (11-14) analysed strains in sheep tibia and vertebrae for
periods up to three'wocks following gage installation. In 1973,
Lanyon bonded rossctte strain gages to living bone of sheep by
using isobulyl two cyanoacrylatc monomer as an adhesives He

examined the changing dircction and magnitvde of the maXimum ggﬁ

minimum principal strains, tho maximum shear strains and strain
rate cncountered duvrin_ natvral locomation of the sheep
and C.H.,U, (15-16) -sod miero strain technigues im
Young's modulus of longitvdinzl bovine tibia com
The stress—-strain rcl-tionships wore determiﬁaﬁ_
capaticance gage which a2llowzd continuous sir '
the x>~y recorder or with a Tuclerman optical
unloading technique. Advances in industrial
now permit laboratory preparation of gage un

to the bone of the living animals for m:

MC LEISH and HABBOOBI (17) repo
problems which arise when using elec

to determine the stresses and loads

dificult to use strain gages
moisture produces L@Q'fjf”{
that, strain meas

strictly as dz



preparation of the surface of the bonding. However, if the bone is
“ully dried out; it shrinks becouning more brittle and showing a

marked change in its tensile properties.

In the present study, wet bone is considered as an elastic

material having a hexagonal syumetry. For this type of material

elastic stifness matrix has five independent elastic coefficients.
These cocefficients for wol bone are found by using three
independent tests, namcly, purc tension, hydrostatic pressure and
pure torsion tests, Deformation of wet bone spccimens have been

investigated by micro strain techniques. The cylindfical specimens

of diameter 6mm and of length 50 mm arc extracted from the femur
of calf by hand sawing and machining it into cylindrical s
that the axis of the specimen is paralel to longitudinal

femur. Water is vsed as the coolent during the machining pre
The strain gages [abricated with terminals are bonds
circumferance of the middle poertion of the specit
are bonded in this section in circumferential,
and in the direction which makes an ang1310f-¢5§
longitudinal axis. An adhesive called Ethicon E

2 Cyano Acrylate lMonomer is used, in'bgnﬂ&ggr roce

twisting moment are appliazd to
different diractions ars moasured i
experimental data obtained
torsion tests, the elast



determined.

In Chapter 2, the theory, on which the sxperimental procedure
based, is discussed, I{ =lso in;ltdes derived relations and
mathematical proceduvre used in computer programning and the method
of least squares employcd for numerical determination of elastic

constants of bone.

Chapter 3 covers the instrumentation and experimental

procedure for pure tension, hydrostatic pressure and torsion tests.

Experimental data and results arc given in Chapter 4.

"

Chapter 5 is the final chapter which includes the
and conclusions reached in the wiew of the results and

i ey

for the use of the clastic constants in the future



Chaptoer 2

THEORETICAL ANALYSIS

2,1 Description of Specimen

The bone specimen is extracted from the cempact portion of the

calf femur by hand sawing so that the axis of the specimen is
parallel to the longitudinal axis of femur (see Fig. 2, Chap. 3). The

extracted portion of femur is machined into a compact circular

cylindrical shape by lathe., The deotails concerning the preparation of

the specimen are fully discussed in Chapter 3.

2,2 Thcoretical Considcrations

The crystal structure of the major-oompnnﬁm%

that it bchaves as an clastic material having h




wnere C 8 aI‘C tll\.— eLas biC 1= l\-l ) L
h ITa = s = 2= s, d ; -;'..t . :. Ba-nd
' - ]. ) el B'( E , B are bhc

the stress and strain componcnts respoctivel .
S I'espe ¥Yr and G,= 1/2(¢
Pl 117000

Since there are five independent elastic coeficients,

namely, C C

110 Oy 013, 033, 044, in elastic stifness matrix, one
needs five indcpendent cquations to determine theme These five
independent equations can be obbtained from threce independent
experiments, which arc pure tension, hydrostatic pressure and pure
torsion tests. In thesge expcriments, stresscs are computed from
the applied forces and sirains which arc measured by means of
resistance wire strain go oos, -
Details =bout bonding of strain gages, their positions on
the specimen and the exporimental techniques Ffor pure tension,

hydrostatic pressurc and pure tarsion tests are giwven in

In this soction, it is assvncd that the state of @_.
deformation is in clastic range so that the state of

stresses are below the yiclding point.

2,3 Pure Tension Tost

force F , and axial and circumferential st
measured by two strain gages which are boni

the specimen in axial and circumfcrential

E 4F




whare d nnd § arc the diametor and cross soctional area of the
specimen respeciively, and svpercript T designates the value of

the quantitiy in purc tension test.

When The values of stresses and strains, given by Eqns.

(2,2) arc substitvted in Eqn. (2,1), one obtains

C % & = * :
11 Srr ~ C12 €99 ~ C13 2z " ¢ (23
T T z o .
7y T T
€13 €rr ~ €13 %90 " C33 €3 e
F . : : v 4 e
where 0-*5- o It should be notad that in Egns. (2.3_)899_ 1 €47 and
¢g. Are measurable and known guantities, while Erg is the non—

measvrable radial strain thich should be considered as

variable.

2.4 Hydrostatic Press:rc Test

In hydrostatic pressure test, the spe
hydrostatic pressvre P, ~nl axial and circumfe
and 81;9 are measursd by the two strain gages

test., Stress and strain components wmder

pressure take the forms

Tyer ™ Tap = Tzz " Nl

H

€

where supercript H, denotes



When the stress and strain quantities, indicated in Bqns.

(2,4), are inserted in Bgn. (2,1), it yields

H I Ho
€11 ®rr * C12 €5y * C13 Epy -P (s}

H H H e2)
C12 Err + Cll EBB + C13 Ezz = -Pp

H 5 H H
“33 Spr * S0z Bag t Cagkay m R

' H
In Eqns. (2.5), all the quantities, except the radial strain Err

are measureable.

2,5 Pure Torsion Test

In pure torsion test, the specimen is subjected to a twisting
moment M’I‘ and torsional strain,eez y are measured directly by a ‘
strain gage which is bonded in a direction which makes an ¢
{.15? with the longitudinal axis. In this test, stress and .

components take the forms

Trr nTee = TZZ’TrZ= Trg =0 y Tez-TO
Crr=*00=C22Frz=%rg=01 €40 ,

16
where T = MT is applied torsional stress.

© Tra3
When stress and strain compononts in Eqns.(2,

substituted in Eqn. (2.1),a single equation

To_- 2 c44 Eez '

is obtained. Bqn. (2,7) leternines the value ¢
applied torsional gtrags To and the corre

-e.ez are mcasuvrable.



2,6 Raduoed forn of Eguations ror Determination of Elastic

Qoefiiqionts

Bana. (243)y (2.5) mnd (2,7) constitute seven equations for
‘ y T H
govon wnlmownas G“; ﬂ]_.,_; ()l_‘.' 033, 644’ €Ery and €4.- » By eleminating
erg and ‘rg p numbor off oquations can be reduced to five involving
only five olagtic coclficionts, This clemination can be achieved

firat by molving tho Tirast of BEgns. (2..3) for Erz and “irst of

BEqns. (2.5) f‘Ol‘Er}é, 10,

ET-—ETFE-ETC]'B

rr 00 c Z2Z E’“
i 11

B ® Sz S sl

rr e = gz . T
G = Ci11 C11

When the first and second of Equs. (2.0) are substitus d in

remaining equations of Saus. (2,2) a1d \245) respectively
2
C12 T 12 513

ICqq = ===l Egg * Gy =
Cat

(€3

(C

[C



If the new ynknowm variables, x

1]
'by = 2
“12
xl- Cll - 7
11
3o . an b
*o® 33 <
11
2
W=
x3' 33 c
11
€12
X = ——
e
11

the system of four equations, Eqns. (2.9), tckes the form

A x'g_ r

where

3 and x4 are defined

Xpy X

(2.10)




Bqns. (2.10) imply that the clastic coe®ficients C

11! 012'
013, c3’ can be determined by the relations
X
. |
C =
11 1-x;2
S0™ My ¢ Sn (2.12)
b's
= b E
1-x,
Cl32
Caz= x5~ ’
Cll - |

{

when the unimovms x 's (i=1-4) are obtained by sélving the

R
system BEgn, (2,11).

The Tifth elastic coe’icient C, can independe
o .

4
determined “roa ZEqn. (2.7) which corresponds to pure

2.7 Relations Between Zlastic Coefficients and !

The materials having hexa,onal crystallog
can be also described by axial and radial Youw
three Poisson's ratios v, o V; 21 Vrg and shear
are related to previcunsly mentioned elastic
c C.. and C, . In Poisson's ratio expre

13' 33 44 = e - - r
second indices indicate the directions of
shortening respectively, €¢gss v?& c

) )
8=direction when the ¢ :

fallows the axm
Poisson's rati

013’ 95;;1”




and O

erminations of vy
a« Detoxminabions of v _ and ©

When a bone spocimen is subjected to a axial stregs
: :

Eqn. (2,1) takes the forn

S Cxe * Cpp egq C13 €22 =0

33 Bz =0

Ci13 Epp + €13 €py # i€

Elemination of em_ between the first and Sooondl oI ..@i:—,-iﬁl.;

yields

Yoo C13

’
€ 5
22z 11 + Clz

which implies that the expression for Voo should be

Ci13

"ze
2
It should be noted that a0 is equal to Vv, Binco on She

transverse cross scction bone behavior is isotropice
Using the first =1d second of Eqns.(2,!

€ and in termsgs of g ¢
oo Erp

S5

St

€0 = ~



When Eqns.(2.15) are substitvted into the third of Egns. (2.13) one

obtains

(o} 2C 2
e P s e

33 ’
ezz c * C12

which indicates that the expression for axial Young's modulus has

the form

b, Determinations of v, v
e rz

- =

Yhen a bone speciten is subjected to a stress ©° i

direction, EBgn. (2.1) becomes

Ci1 Srr * C3o
Clz Err - C11
Cig Exre TSy

Eqns. (2, 17), onc obtzins

Eleminating €  and € betuoen t
4% S 452 1)

and E
rr

wl

Eee ¥ c13 gzz

4 . E , =
o0~ ‘35 SEEE



an : (2.18)

2
"rr (G137 € 0)

which imply that

c e
_EaqCes =Gy

v
ro
C ol 2
11%55 7 %92
o CialEyn il
'U L
rz 2
S3t G
Ife_  and €__ in Eons. (2.18),-w%idhﬁa@g

terms of g o are substituted in the first e

one obtains

Er (C13C330 8

which may be considered as Young's mo

The eclastic coefficient
test, is equal to the shear
on the plane which is p

specimen. On the other ha



plane which is perpendicvlar to the longitudinal axis of the
spccimen, then Eqn. (2.1) implies that the shear modulus ql on the

transverse plane is givon by

I
‘ 2.8. Method of Least Squarcs Emploved “or Detormination Elastic
| Coeflicients
+ as Method of Least Squarcs for Systems

The elastic coefficients C o C.. and C_. can be

11 32t 33
determined first by solving the system, Eqn. (2.11)..£nz

then substituting thom into BEqns. (2.12), The.eoeffiﬁiﬁﬁﬁ
A and load vector C can be generated by using the appli
and strains measured for cach dircction in pure tension an
hydrostatic pressurc tests. Since in cach test various sf
values at various applied stresses and pressures are obta
overdetermined system of linear cquations arise so
introduce method of lcast squares to obtain the o

elastic coefficicents.

z aij xj- Ci

where a, .'s are the cloments of ¢

i
components of the locad vect



. A norm for the total orror for n sets o cxperimental data

can be introduced in the form

o
€ =) E (C_(m) - E 3y x.)2 ' (2.23)

m
where () designatoes the value of ( ) in m=th experiment.

a For minimizing the valne of the total error, first
derivatives of the crror expression with respect to J%.(i==1'P)

should be set equal to zerog thos one obtzins

ol (m) B e
mzl 12 Cj_ m ais (m) = E aiS m f ai R

1 m=1 i=1 i=1

= (m) c (m) _ [y é(m) A(m) 1 %
1 — — m—_l-l e

where supercript T designates the transpose of

Dia Method of Least Squarcs for a Single Bay

In the case of a single cguation, -
coefficient matrix A will be scalars. For

relation Eqn. (2.24), obtainai-fﬁ#




where A; C and X are scalardg. When Eqn. (2,26) is applicd to
Eqne (2.7)y which corresponds to pure torsion test, the expression

for determining the valuc of the constant C is found to be

44




INSTRUMENTATION AND EXPERIMENTAL PROCEDURE

3,1 PExeparation of  Bone Specimen

e

Circuler oylindrical epecimen, 6 mm in diameter and 50 mm

in length, are prepared

P 9@ for each experiment. The specimeny in
required mize, is exiracted from the compact portiom of calf by
sand mawing. One snd of dome sample is
in driiling machine., The other =

chuck of lathe and the centered

FICURE 2 The bome mpeciman reverved to ®

oyatem.




3,2 Gage, Adhesive and Coating Material

The following available strain gages with fabricated terminals
are used in assembling two—arm bridge circrits;
Manufacturer: MICRO MEASTRENENTS
Romulus, Michigan U.S.A.
Gage Type: EA=-41-031 DE - 120 '

Resistance in Ohms: 120 ¥0,4 %
Gage Factor at 75 F: 1.99: 1.0 %
Temperature Range: Up to 4000F for static measurements
» BOOOF for dynamic strain. :
Strain Limits: 30 000-50 000 microstrain, tensi@nﬁﬁ}:,-
compression o
Fatigne Life: Over 107 cycles at 1400 microsﬁmaiﬁ

The adhessive ETHEICON BUCRYLATE, used in bond

has the specifications

Manufacturer: ETEICON

Hamburg-Noderstedt—=Germany

Chemical Name: Isobutyl 2 Cyano Acrylate I

Bonded strain gages and open surfaces of the
connecting wires are coated by ~Coat=G ar
manufactured by Micro Mcasurcnentsy :
3«3 Gage Bonding and Gage

Positions, for three

directions and in the dire



longitvdinal axis are marked through the circumference of the middle
portion of bone specimen, Marked surface is scraped clean, swabbed
dry and degreased as much as possible by using ether. After complecte
evaporation of ether, the surface of the bonc specimen is flooded
with adhessive Ethicon and the gage is rcplaced to its requiréd
position by the help of a scotch tape which is attached to the

upper surface of gages. Bonding areca is covered by a picce of
gelatine and it is pressed by finger almost two minutes. The scotch
tape and gelatine are relascd, after thc bonding process is ccmpleted

(Sce Fig. 3 and 4).

In hydrostatic pressvre tost, the gages have to be in
with oil which transmits pressurec, Since the coating mater:
G has an exccllent chemical resistance to oil, the bonded
coated by this coating material. M coat G is a two p
compound, packaged in collapsible motal tubes. The re
is white and the curing agent is green. Onec part of
by two parts of curing agent cither in weightéaygﬁg VO
gages arc coated by this mixturz. Cage terminals and

wires arc coated by l-Coat B,

3¢4 Two Arm Bridge Asscmbly

The two terminals of the each of three
the black and white torminals of three oh
balancing unit. A compansating gage is be
specimen and the terminals of this
green terminals of the switching

in the Fig., 5.



FIGURE 3 Strain gages bonded on the specimen in the axi

circumforential direetions.

PIGURE 4 Strain gages bonded on the sp

direction and in the dir:

with longitvdinal axis.







Switching and Balanoing Unit is oonnected to a strain
indicator as it is shown in Fig, 6, In conneotions, 0.4 mm cables

are used.

In operation, switohing and balanoing unit is ad Justed to
gage resistance, 120 Ohms and Strain Indicator is switohed to

operate at the gage factor of 1,99 and the bridge selscter is
turned to two arm,

e
BLH o R
('
o . 0.0 O
(@) (9] (o] @ S 5
O o O
s g |

SWITCHING AND BALANCING UNII'I'

Gage Factor
Btrain Indiocator
4 Arm Bridge
Bridge Selecter
2 Arm Bridge
Gage Resistanoce.

o W B Tw N

FIGURE 6 Connections between mswil
strain indiocator. e




Description of the instruments used for the set-up in Fig.6 are

a) Switching and Balancing Unit

Manufacturer ¢ BLH Tlectronics, Inc., T.S.A.
Model No P 225

Serial No s 2Yi6L

2037914

Calibration : 0-10 channels

Ass'y Mo

b) Strain Indicator

Hanvfactrrer : BLE Electronics, Inc., U.S.A.

Model No : 120 c-B
Serial No : 4065
Assty No : 279466-1

3.5 Set—ups for Pure Tension, Hydrostatic Pressure

Torsion Tests

a) Purc Tension Test

For prrec tension test;a universal jﬂﬁﬁﬁzﬁg
frame and its fpwer end is mornted to the up '
by means of a screw mechanism. The lower
mounted, by the samc meclianism, to anothe
bending deformations in simple tension te
The loading mechanism, vsed in siaple -
Pig. 7. :
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b) Bydrostiatic Pressure Test

Hydrostatic pressure is applied to the spocimen by Armthor
Dead Teight Pressure Gage having the specificationsy
Manvfactirrer : Armthor Testing Instrument Co., Inc.
- Brooklyn, New York, U.S.A,
Accuracy : Within 1/10 of 1 4 of the indicated reading.’
Capacity Des.i: 10 000 3
Compressing Fluid: SAE 10 0§l

. A tvbe is designod for putting the specisen in it as it is
shown in Fig, 8. The ga e terainals, solderod to connecting wires,
are taken out throvgh the 4 holes of the tuvbe. The inner and outer
ends of the holes are closed by the adhessive 404, The complete

set-vp For hydrostatic pressure tost is shown in Figs9e

¢c) Purc Torsion Test

The specimen is mornied to a Biaxial Testing

the specilications

Manu”actuvrer : Carl Schenk Hachinen Fabrik Gmb
Model : PHO _
Oscillating Moment, kgm: #0.04 to ¥ 1,50
Maxinum Moment, kgm ¢ 3.00 o
Alternating angle o drive (degrees) : 18°
Freguency of testing, rpm : 1400
Dimensions, mn ¢ 490x4503490
Weight, kg 3 85

and required torques are given by hand (



FIGURE 8 Pressure tube with ~ specimen.




~or Pure Torsion Test.

FIGURE 11 Complete set=up




3,6 Procedvre for Bxperinentg
L]

R

In each of the three tests mentioneq Previoy

sly instantancous
1oad3 or pressures are appllcd_ “or minimizing the creep effoct
- -4 Ve

In prre tension test, axial ang circum?

erential straing are
measured for the loads of 2y 4y

6, 8, 10 Ibs, Before loading a

reading for the free state of

Specimen is talken, By subtracting

the reading measured for g Specific load ‘rom the one measvred in

free stote, the strain corresponding to t

his applied load is
found.
In hydrostatic prossurc test the same procedure is

measuring instantoncors axial and circumforential strai:

In pvre torsion test, similarly, five
measured for five different torgques applied in

Hachine.



Chapter 4

EXPZRTENTAL DATA AND RESULTS

Experimental D=ta

Aele
Two tests for each of the two specimens are performed in
ure tension and hydrostatic pressvre tests where axial and

p

Cirmmferential strains are measured,

Similarly, performing two tests for each of the two
gpecimens, the strains in the direction making an angle of 450
with longitudinal axis of the specimen, are measured in pure

torsion test.

Experimental results are tabulated in Tables 1-6.

2
F, 1b o, kg/em” €45, ME

TEST I 2. 3,20 -5
i 4 6.40 =11
6 - 9 . 60 ""'16
B - 12,80 22
10. 16,00 -28

TEST II 2 3,20

6. 9460
8. 12,80

16,00




2

PP, peBoic Py .k.gjcrnz €op 1 ME Eiz s UE
TSST 1 100 1 -22 -3
200 14 -41 -16
300 21 -63 -24
400 28 -81 -32
500 35 ~99 -40
TEST II 100 | -21 -8
200 14 -42 -16 :
300 21 =62 =24
400 28 -80 -32
200 35 -39 =40

Table 2 Data obtained in Mydrostatioc prossurc tests for the

specimen i

TEST I

Table 3 Data ob!



-

2 |
PP, pesei. P, kg/om :

: H
€op 7 VE €, VE

TEST I 100 i -20 -8
200 14 -l 2 ~16
300 21 =62 -24
400 28 =81 -32
500 35 =99 =40

TEST II 100 7 =P? =
200 14 -2 ~16
300 2l (2 -2/
400 28 ~-81 ~32
500 35 ~100 ~40

=

—_— —_—

Table 4 Data obtainoed in hydrostatic pressure tests for ﬁhﬂ
gspecimen II




) 2

MT’ kgecm To! I:g,'/cm Eggt HE

TEST I 1,718 40453 790,
3.172 74483 1055,

Be022 118,47 13404

7004 165.23 1650,

3,458 199453 2010,

TEST II 0,661 15459 490,
2,114 49487 7054

34833 90442 1120,

5.418 127«81 1430o

T+533 7 1TTeil 1865,

Table 6 Data obtained in pure torsion for the specimen II

4424 Determination of FElastic Coefficients and Technice

Two specimens are extracted from the same calf femur
sets of experimental data are tabulated for ecach of the b
specimens in three tests, namely, pure tension, ha'drost.a

and pure torsion tests.

In determining the five clastic coefficients of

animal bone, a computer program is developed, The o
1 (m ‘ Lk

matrices ;L_(m) and load vectors Q(' ) of Eqn. (2,25)

the strain measyrements at known stresses of .



[ If &(m)T -Pl{r."‘ 1 X = Ii ﬁ(m)i g(m) , (4.1}
m=1 =1

the optimum values

Upon solving these equations for xi(i= 1-4),
can immediately Toe

of the material constants C,.s 012, 013 and 033

be determined from Egns. (2,12) while the optimum valuve of the

shear_modulus, C on the plane parallel to longitvdinal axis can

be found by using BEqn. (2.27), i.e«,

§ .m) _ (m)
m:1 4 HE
S - e
2 ¥ e ()

P A

In determination of slastic coefficients of each of
specimens; two sets of the experimental data arc combined e
results fcr each specimen are shwn in the columns a, b ©
Table T. As it is mentioned previously, the two specim
for this study, arec extracted from the same calf femur.
reason, experimental rcsults of both specimens, tabulat
Tables 1~6 = arc combined and more realistic exper
for the clastic cocfficients and tcchknical constant

(see Table T, column_c)-



Elastic Coefficients
and Technical Congtants
of Calf Pemur

Using the data obtained for the ;

Specimen I Speeimen II Both Specimens

. GN , 2

¢14 (" /m%) 19,00 20,20 19,50
N, 2

Cun ° /m7) 10,60 9437 10,00
an., 2

G (7 /m%) 11,50 11,40 11.50
GN , 2

G5 (" /m) 30,10 30,10 30,10

= R, 2 o

Crp /) 3.98 4637 4,18
G2 .

E__ (" fm ) 21,20 21,30 21.20
GN , 2 R, -

E_(/n7) 1190 14420 13.10

G (GIT / 2) o ’ .

i m 3-9‘»’ Ao BT

& 0,383 0,

“ze Vor % A

o 0,428 0,317

v 0,218 0,259

rz (a) (b)

Table 7 Elastic coefficicnts and technical constants of
computed by using the data for each and both of t

spccimens.




Chapter 5

DISCUSSIONS AND CONCLUSIONS

Static tests, namely, prre tension, hydrostatic pressure and
pure torsion tests are performed to determine linear elastic
constants of animal bone. In cach of these tests, strain-stress
relationships of bone shovld be in linear region, as long as its
linear elastic properties are concerned, Strain gazes which are

very sensitive in strain measurements even for small quantites of in

loads are very useful for deternination of lincar elastic deformation
of calf fomur compact section, Bonfield and Datta (16) suggesigh_"'s
the linear clastic str2in limit is about 239ue: in pure tension
test, On the other hand, the findings of the present study have
shown that the upper bound for linear elastic stroin is abont

2000 yue in pure torsion test and infinite in hydrostatic pr

test.

In reality the fresh bone is a viscoelastic matarijiﬁ-
therefore strain rcadings may chanze with time at oopaﬁag#-T
Since in this study only instantaneéus linear elastic be
the bone is investigated, an instantaneovs load-unload
is used in each of the threec tests mentioned previon

Study of data t-bulnted in Table 1 in

readings have the doviations of maXxinum

approximated strains. Thaae;ﬂng#s



errors which may arise in the preparation. of the specimen. In the
machining process the force acting on the cutting edge bends the
specimen so that its diameter may not be uniform along its
longitvdinal axis. For this reason, it is machined at very small
feeds which will lessen bending of the specimen. Also, it is
machined at very high speeds since bone is very brittle material
and it is required to have a very good surface finish on it Tor
bonding process. Water is vsed as coolant in order not to change

the properties of the fresh bone.

The diameter of the bone specimen was larze enongh for

bonding three strain gages on the middle portion of the bone
specimen. By the aid of these strain gages the strains in axial
and circumferential directions and in the direction making an

of 450 with longitudinal axis of the bone specimen are m

pure tension, hydrostatic pressurc and pure torsion tests.

The gages werc bonded almost within an accuracy o

of their trve positions due to slipping of the gages «

coated by coating material for protecting them from the

0il which is used in hydrostatic pressure test.

In pure tension test, eccentric application

generates bending moment on the specimen and the



specimens rre long enough so that the test sections are not
affected by the stresses due to the tightoning, genecrated on the

clamped ends of the specimen,

The coefficient matrix A and the load wvector g.appearing in
Eqn. (2.15) are generated with the strain mecasurements at known
stresses in pure tension and hydrostatic prossure tosts. Using the
method of least squarcs cxplained in Chapter 2, the cxperimental

data may be lincarly approximated by solving the system of Tour

equations

for the optimum values of % (i= 1~4), which arc related to

optimum values of linear elastic constants by Eqns. (2.&3&&'

In pure torsion test, the exverimental data is lines

by the least squares equation,

y T(m)e (m)

where 044 is the shecar modulus o

(542) are defined in Chapb



In 211 experiments, slmost a linear stress-strain relation-

ship is observed., Indeed the experinental data obtained in pure

torsion test, does not deviate -Tom its linear approximation
significantly as it is seen in Fig. (159

The neccssary conditions for the positive de“initness of the

srersly isotropic linear elastic

strain energy function for a tra

golid are (18)

A et

study can reliably used in the fuiurs studies of b
In particular; this information may be useful in 1

v :
the musculo-skeletal systems and in the de

devices.
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Appendix A
DETERMINATION OF YOUI'G'S MODULUS BY TRANSVERSE VIBRATION TECHNIQUE

The equation which governs transverse vibrations of a beam is

4 2
3 Y 9V
EL e X (B.1)
3% 32 b

where X the axial distance measured along the beam, t is time, B is

Young's modulus in axial direction, I is moment oFf inertia of the

cross section of the beam, y is transverse deflection, m is mass
per vnit length and q is applied distrubeted load per unit lengths
, The governing equation for free flexural vibration pr
can bc obtained by taking q 0, which yields

a“y m 37y i

+ = 0 I
St EI 9t

For a beam o longth L which is clamped at the 1

free at the ri ght, the b_oun‘dary conditions take fQ'TMj



if the origin is assumed to coincide with the clamped end.

The solution of Bgn. (A.2) is assumed to have the form,

y= £(x) . Sin(wt+a) y ( .4)

where f(x) is amplitude function, w is angular frequency and
is phase angle. Eqn. (A.4) yiclds the following relations for the

space and time derivatives;

-k Sin (wt+a)

X ax
(A.5)
32y 2
=- w~ f£(x) Sin (wt + @) .
at : '

If Eqns. (A.5) arc replaced in the governing Eqn. (&‘2)* -

one gets
e
g k™ f(x) =0 F
X -
2
: mw
where k4 =-§E .

The solution of Eqn. (A.6) is,

f(x)=‘m1c05 kx + m, Sin kx + m

3 Cosh kx +

where.mi(iu 1-4) are integmaﬁiﬁﬂamgn‘“

are substituted in the boundary



: : (4.8)

Sin kL + my Cosh kL + m, Sinh kL =0

-n, Cos kL = m,

my Sin kL - m, Cos kL + m3 Sinh kL = m4 Cosh kL =0 |

which is a system of four linear algebraic equations governing the

Y T ; . . d are
3 and m4. When in Eqns. (A 8) my and. m,,

eleminated, one gets a system of two equations

values of Mg Moy M

- -~ i '|
(Cos kL + Cosh kL) (Sin kL + Sinh kL)l ' m 0
y _ 1
,L(Sin XL - Sinh kL) -(Cos kL + Cosh kL) ‘ !mz 0 |y
(A.9)

which is an eigen value problem in which kL mzy be regarded as the
eigen value., For non-trivial solution, determinant of the

coerficient matrix of Eqn. (A.9) should vanish, This yields
Cos kL Cosh kL =-1 . (A.20)

Eqn. (A.10) governs the natural frequencies, each of which

corresponds to a differvent node. For example, the valves of kL
for first five modes are “ound to be as

= 1.8751, 4.694, T.855, 10,996
(“‘)1.2,3,4.5 1.8751, 4y y 10,996,

If the bean is assumed to be o

height h, from the sccond of Eqn.



2 2y

T 6 £ E

E= 48 3 (A.lz)
h (xL)"

which relates the Young's modulus to the natural frequency Te
In Eqn.(A.12) P is the mass density and the frequency f is

related to angular frequency w by
w= 2nf . (301'3):.

Using Eqn. (A.12), Young's modulus E may be determined if
the mass density, len_th and height of the beam are known and if
the value of kL, corresponding to the mode for which the freguency

f is measured, is computed by solving Iqn. (A.10).




Appendix B

DETERMINATION OF YOUNG'S MODULUS BY LONCITUDINAL VIBRATION TECHNIQUE

The equation which governs longitudinal vibration of a beam is
82u 1 Bzu . :
gl - 5 (Bt 1)
3x2 c2 8t2
E

wlhaore c= —— is the bar volocity, p is the mass per unit volume,
: . i
u is the displacement in axial direction, t is the time and x is the

axial distance moasured along the beanm.

The soluvtion of Bqn. (B.1) is assumed to be in the form
u= f(x) . Sin (wt + a) ’
where £(x) is amplitvde “unction, w is angular frequency and

phasc angle. If the trial solution of Egn. (B.2) is substituted in
Eqn. (B.1), one gets




Jhere bl and b2 are integration constantg,

For a beam of length L which is clamped at the left end and

free at the right, the boundry conditions take the forms

at =0 . u= 0

8 (B.5)
at x=L ’ —=— () s

Ix

if the origin of X axis coincides with the left end.

fihen the soluvtion Bgn, (B.4) is substituted in boundary

conditions, for having a non=trivial solution, one gets

wL
Cos — =0 ; (B 6 =
o
; which yields
i wL 2n+l
— = Tr -
¥ [ e 2
For the lowest mode (n=0)
w m
k=- = — ’
c 2L

=

can be obtained. In Eqn. (B.8), k is thc wave numb
related to the wave langth A by
2n

A= —

k




prom Bqns. (B.8) and (B.9), it follows that in the lowest mode of

] the longitudinal vibration, the length of the beam is equal to one

quarter of the wave length, i.g,

(for the lowest mode). (B.10)

o
I
= | >

On the other hand, the bar velocity is related to the

¢prequency £ and wave length by
c= - =f£ 2 . (B.11)
P

From Eqns. (B.10) and (B.11), it followe that

E = 16 p £2 1.2

Young's modulus may be computed if the mass density
length of the bar, are known and the frequency £ correspon

the first mode is mecasured.
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