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Finite Element Simulation of Cortical Bone
under Different Loading and Anisotropic
Yielding Situations

N. K. Sharma, D. K. Sehgal, R. K. Pandey, and Ruchita Pal

Abstract—Bone is a complex biological material due to its
heterogeneous and anisotropic nature. Finite element modeling
(FEM) has been an effective tool in the field of bone mechanics
to predict the behavior of bone material under different
loading situations and the fracture locations. Bone exhibits
different yield behavior along different material orientations
due to its anisotropic nature and therefore for better
understanding of bone behavior under multi-axial loading, it is
necessary to incorporate anisotropic yielding and post yield
properties in FEM. In the present study FE simulation of
cortical bone was carried out using different yield stress ratios
in different directions based on Hill’s criterion. Bone material
was treated as a transversely isotropic material whose effective
properties are isotropic in one of its planes. The tensile
behavior of cortical bone in longitudinal and transverse
directions was analyzed using two different uniaxial tensile
models. The uniaxial tensile models were found to be in good
agreement with the experimental results and therefore biaxial
model of cortical bone was also developed and analyzed using
the same approach. The study shows that Hill’s criterion gives
good results for anisotropic yielding in bone material and can
be used to simulate multidirectional loading situations in bone
mechanics.

Index Terms— Anisotropic yielding, Cortical bone, Finite

element simulation, Transversely isotropic material

I. INTRODUCTION

ONE is a functionally graded material, composed by

hydroxyapatite,  collagen, small amount of
proteoglycans, non-collagenous proteins and water [1-4].
The  multiphasic, heterogeneous and  anisotropic

microstructure of bone results in a very complex material
type. Finite element modeling (FEM) has been a valuable
tool for investigating a wide range of biological problems
and widely used to study the behavior of bone in many
clinical applications. Due to inhomogeneous and anisotropic
nature of bone material it is quite difficult to specify its
material properties for FE simulation. Therefore in various
biological studies, bone is mostly modeled as linear elastic
material [5-9]. However in limited studies researchers have

Manuscript received July 2, 2012.

N.K. Sharma is with the Indian Institute of Technology Delhi, Hauz
Khas, New Delhi 110016, India (phone: +91-9310664161; e-mail:
enksharma@ yahoo.com).

D. K. Sehgal is with the Indian Institute of Technology Delhi, Hauz
Khas, New Delhi 110016, India (e-mail: profsehgal@yahoo.com).

R. K. Pandey is with the Indian Institute of Technology Delhi, Hauz
Khas, New Delhi 110016, India (e-mail: rkpiitd@yahoo.com).

Ruchita Paul is with the AIRF center, Jawaharlal Nehru University, New
Delhi- 110067, India (e-mail: rprpalpal@gmail.com).

ISBN: 978-988-19252-4-4
ISSN: 2078-0958 (Print); ISSN: 2078-0966 (Online)

obtained more accurate results by considering the non-linear
material properties of cortical bone [10-11]. For the purpose
of FE simulation in different studies of bone mechanics the
mechanical properties of bone were predicted from
computed tomographic (CT) numbers [12-15]. The
mechanical properties of bone are related to its apparent
density or ash density. The density of bone can be correlated
to quantitative computed tomography (QCT) Hausfeld units
(HU) resulting in Young’s modulus E-(HU) relationship but
it is difficult to obtain various material properties of bone
from a scalar value (HU) in QCT scans.

Although the investigation on multidimensional loading
and its effect on bone material is very important as living
bone is seldom loaded in one direction, due to complexity of
loading it is difficult to experimentally obtain mechanical
properties of bone under multiaxial loading. The FEM is
considered to be used as an effective tool in this direction.

Bone as an anisotropic material exhibits different yield
behavior in different directions. The present work is based
on modeling of anisotropic yield behavior of cortical bone
using yield stress ratios. In this study bone material is
considered as a transversely isotropic material with five
independent elastic constants. The long axis of the bone has
been taken as the axis of symmetry. Uniaxial and biaxial FE
models of cortical bone were created using different
mechanical properties of cortical bone obtained from
various experimental procedures.

II. MATERIALS AND METHOD

Femoral cortical bones of young buffalo (age about 24
months) have been obtained for the present investigation.
After removal of the soft tissue these bones were soaked in
normal saline and wrapped in normal saline soaked cloth.
These bones were further kept in plastic bag and stored at
-20°C before processing.

The tensile properties of cortical bone in longitudinal and
transverse directions were determined from uniaxial tensile
test conducted on Zwick 7250 Universal Testing Machine
(25 T capacity). For the uniaxial tensile test dumbbell shape
specimens were prepared from the mid diaphysis of femur.
Four strip type longitudinal specimens were prepared for
conducting the tensile test in longitudinal direction (load
being applied along the long axis of femur) with gauge
length 25 mm, gauge width 4 mm and total length 80 mm,
whereas the other four specimens were prepared for the
transverse tensile test (load being applied perpendicular to
the long axis of femur) with gauge length 8 mm, gauge
width 4 mm and total length 22 mm. Poisson’s ratio in each
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direction was tested with the help of biaxial extensometer of
gauge length 25 mm.

The shear properties of cortical bone were evaluated
using losipescu shear test method. Four specimens were
obtained from femoral mid diaphysis with dimensions 3 mm
(thickness) x 20 mm (width) x 80 mm (length) and a 90°
notch of length 4 mm was machined on each edge of the
specimen at the mid length as per the ASTM standard [16].
In order to keep the specimens wet and to avoid heating
during the various stages of tissue preparation a constant
spray of saline solution was supplied. All specimens were
stored at room temperature in a solution of 50% saline and
50% ethanol at all time until testing. The values of average
shear stress (z;;), shear strain (y;;), longitudinal shear
modulus (G;;) and transverse shear modulus (G,;) were
calculated using appropriate equations as described in a
previous study [17]. The orientations of bone samples used
in this study are shown in Fig.1.
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Fig. 1. Different material orientations of long bone employed in the
present study.

To obtain the apparent density of cortical bone
rectangular samples were cut from the tested longitudinal
and transverse tensile specimens using a diamond wheel
(Isomet 4000). The volume of specimen was obtained after
measuring its dimensions. The specimens were then
hydrated overnight and the wet weight was recorded. The
apparent density of the specimen was calculated by dividing
wet weight to the volume of the specimen.

The anisotropic yield behavior of cortical bone was
modeled through the use of yield stress ratios R;;. In this case
the yield ratios were defined with respect to a reference
yield stress, o, (user-defined reference yield stress specified
for the material plasticity definition), such that if (g;;) is
applied as the only non zero stress, the corresponding yield
stress is R;.c,. For anisotropic yielding Hill’s potential
function can be expressed in terms of rectangular stress
components as given in equation (1),

f(0) = [F(022 — 033)* + G(033 — 011)* + H(1011 — 02)*
+ 2Lok + 2MaZ, + 2No3]2 D

Where F, G, H, L, M and N are constants obtained from
testings conducted in different orientations and defined as,

ISBN: 978-988-19252-4-4
ISSN: 2078-0958 (Print); ISSN: 2078-0966 (Online)

Proceedings of the World Congress on Engineering and Computer Science 2012 Vol 11
WCECS 2012, October 24-26, 2012, San Francisco, USA

F 1] 1 4 1 1] 2a)
=t = a
2|R3; R3;  Ri
G = L2 + ! L (2b)
2|R3;  Riy R
y 1] 1 + 1 1] 20)
=l +t = c
2[Ry RE R
L= 3 (2d) M= > (2e) d
~ 2RZ, ’ = 2RZ, ¢ an
N = 5 2
T 2f)
Where R;; are the anisotropic yield stress ratios given as,
Ry, = in’ Rz = 522, R33 = 633, Riz = 612, Ryz = ?3,
0
Rys = O3 (3)

0;j is the measured yield stress value when g;; is applied

as the only non zero stress component and T, = 0/V/3.
The flow rule can be described as,

PL_ g79f _ d4
de™ = da5 = b, @)

From the definition of f'above,

|_G (033 —011) + H(oyy — 022)|
F (032 — 033) — H(0y1 — 033)
—F (0,, — 033) + G(033 —0y1)
b= 22 33 33 11 5
2Noy, )
2Mo3,
2L0,5

Cortical bone is considered to be stronger and stiffer
along the diaphysial axis (1) as compared to the transverse
direction (2) whereas comparatively smaller differences in
modulus and strength properties have been reported [18-21]
between the radial (3) and circumferential directions (2).
The bone material can therefore be considered as a
transversely isotropic material for FE simulation.

The linear elastic material behavior for cortical bone was
defined as;

o= D¢ e (6)

Where o is the total stress (true stress), D¢ is the fourth-
order elasticity tensor and € is the total elastic strain (log
strain). For 2-3 plane to be the plane of isotropy at every
point, transverse isotropy requires that £, = £, E, = E; = E,
Vi2 = Vi3 = Vi, V21 = V31 = Vpy and G]g = G13 = G, wherep and
t stand for in-plane and transverse respectively. v,, and v,,
are not equal and are related by,
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th/Et _ th/Ep (7)

The compliance matrix for transversely isotropic material
reduces to;

[ _"p/ _"% 0 0 0
/EP Ep El

g / —"% 0 0 0
Ap E, E,

Vo Vo 1 0 0 0
5,k ®)
1
0 0 0 /?,, 0 0
0 0 0 0 /G 0
0 0 0 0 0

/6, |

The FE simulation of uniaxial and biaxial tests on buffalo
femoral cortical bone was carried out using the
commercially available ABAQUS code. The uniaxial and
biaxial specimens were modeled in three dimensional space
as shown in Fig. 2.

Fig. 2. The three dimensional finite element models for (a) longitudinal
tensile (b) transverse tensile and (c¢) biaxial specimens of cortical bone.

These models were discretized with second order 20-
noded brick (hexahedra) elements. Gauss integration is
almost always used with second order isoperimetric
elements. The gauss points corresponding to reduced
integration are the Barlow points at which the strains are
most accurately predicted if the elements are well shaped.
The uniaxial longitudinal and transverse models consist of
11020 (1998 elements) and 21940 (4566 elements) nodes
respectively. The biaxial model consists of 4947 nodes and
900 elements. The FE models of different specimens along
with the mesh are shown in Fig. 3.

The local material orientations were defined for each
model using the rectangular coordinate system as shown in
Fig. 4. For all different models X axis was taken along the
diaphysial (1) axis whereas Y and Z axis were considered
along the circumferential (2) and radial (3) directions of the
long bone.
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Fig. 3. FE models of (a) uniaxial longitudinal (b) uniaxial transverse and (c)
biaxial specimens of cortical bone along with mesh.

Fig. 4. Material orientations considered for (a) longitudinal tensile (b)
transverse tensile and (c¢) biaxial models of cortical bone.

The FEM for the bone samples was employed using a
mathematical model namely the incremental plasticity
model, in which true stresses (0,.) and true plastic strains
(€h.,e) were specified. The true stresses and true strains for
cortical bone were determined from experimentally obtained
nominal stresses (0,,,) and strains (€,,,) values using
equations (9) and (10). The relationship between true stress
and true plastic strain used in the simulation is given in
equation (11).

Otrue = O-nom(l + 6_nom) 9
€true = IN(1 + €nom) (10)
WCECS 2012
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was further analyzed using the same material properties and
Efme = €rrue — Otrue / £ (11) yield criterion. The loading direction in this case was
defined along the circumferential direction (2) of long bone.

Considering bone to be transversely isotropic material and

using Hills criterion for anisotropic yielding, output results 200+ —e— Experimental
of the uniaxial longitudinal tensile model were analyzed —>—FEM
first. After getting satisfactory results the same material 1604
properties were used to the uniaxial transverse tensile model
of cortical bone by specifying different material 5
. . .. 120
orientations. The output results of FE model of uniaxial %
transverse tensile test were then compared with the 8
experimental results for the validity of the approach and i 80-
finally the biaxial FE modal of cortical bone was analyzed. z
40+
III. RESULTS AND DISCUSSION
The mechanical properties of buffalo femoral cortical 0 . T T ]
0.00 0.01 0.02 0.03 0.04

bone such as elastic modulus (E; and E,), shear modulus
(G1» and Gys), yield strength in the case of longitudinal
tensile (GlyT), transverse tensile (Gzyt) and losipescu shear Fig. 5. Comparison of true stress-stain curves obtained from experimental
testing (Glzys and 023ys )’ Poisson’s ratio (Vlz and V23) and testing and FE simulation of uniaxial longitudinal tensile test.

apparent density (p' and p®) obtained from different
experiments are listed in Table 1.

True Strain

TABLEI
PROPERTIES OF CORTICAL BONE ALONG DIFFERENT
MATERIAL ORIENTATIONS
Properties Units Values
E, GPa 273
E, GPa 17.1
G GPa 8.10
G GPa 5.77
o MPa 81.6
oy MPa 61.9
L MPa 51.2
el MPa 413
Vs
Vi) - 0.44
Va3 - 0.48
pl g/cm3 2.04 Fig. 6. Contour profiles of (a) Von-Mises and (b) principal stresses for
pz g Jom’ 1.96 uniaxial longitudinal tensile test.
The values reported here are the average values. The comparison of true stress vs true strain curves

obtained from experimental and FE modeling for transverse
direction is shown in Fig. 7 and the contour profiles of Von-

The anisotropic yield ratios were determined for cortical . . .
mises and principal stresses are shown in Fig 8.

bone considering yield stress for longitudinal direction as
the reference yield stress (o,), and the same are listed in

Table 2. 100- —e— Experimental
—o—FEM
TABLE2
ANISOTROPIC YIELD STRESS RATIOS FOR BUFFALO FEMORAL
CORTICAL BONE 80+
Ry Ry Rs3 Rp2 Ry3 Ry =
o 604
1 0.76 0.76 1.08 1.08 0.88 =3
g
. . . & 404
The true stress and true strain values for cortical bone in o
longitudinal direction were evaluated from experimental S
results as discussed earlier and compared with the 201
corresponding values obtained from FE simulation. The
comparison of true stress vs true strain curves obtained from 0 : , , ,
the experimental testing and the FE simulation is shown in 00000 000z 00050 00075 00100
Fig. 5 whereas the corresponding contour profiles of Von- True Strain
Mises and principal stresses are presented in Fig. 6. Fig. 7. Comparison of true stress-stain curves obtained from experimental
The FE model of cortical bone in transverse direction (2) testing and FE simulation of uniaxial transverse tensile test.
ISBN: 978-988-19252-4-4 WCECS 2012
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Fig. 8. Contour profiles of (a) Von-Mises and (b) principal stresses for
uniaxial transverse tensile test.

After getting satisfactory results from uniaxial model of
cortical bone, the mechanical behavior of cortical bone
under biaxial loading was analyzed using FE modeling. The
contour profiles of Von-Mises and maximum principal
stresses for biaxial model are shown in Fig. 9 whereas the
same for in-plane (7,3) and transverse (7,,) shear stresses
are shown in Fig. 10.

-
—

e IO

Fig. 9. Contour profiles of (a) Von-Mises and (b) principal stresses for
biaxial model of cortical bone.

Fig. 10. Contour profiles of (a) in-plane and (b) transverse shear stresses for
biaxial model of cortical bone.

For biaxial model the behavior of stress - strain curves in
both longitudinal and transverse directions was also
analyzed. The comparison of stress-strain diagrams for two
directions of loading is shown in Fig. 11. The nature of
equivalent plastic strain vs Von-Mises stress curve for
biaxial modeling is shown in Fig. 12.

It is evident from Fig. 5 that the stress-strain data
obtained from FE model of uniaxial longitudinal tensile test
shows good agreement with the experimental results. For
uniaxial transverse tensile testing the stress-strain results
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obtained from experiments and the FE modeling show
almost similar behavior up to the yield point (corresponding
to 0.002 strain offset point) and even beyond that up to a
strain value of 0.006 as per Fig. 7. However the results of
FE modeling start deviating from the experimental results as
material hardening take place. The stress-strain curve of FE
model shows higher hardening rate as compared to the
experimental curve. This deviation may be due the
assumption of constant yield ratios (corresponding to the
initial yield point) for FE modeling.

—A—Longitudinal direction

—a— Transverse direction
140
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o
2
n
0
£ n
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[4)
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Fig. 11. Compression of stress-strain diagrams for longitudinal and
transverse directions of loading for biaxial model of cortical bone.
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Fig. 12. Equivalent plastic strain vs Von-Mises stress curve for biaxial
model of cortical bone.

For the case of biaxial loading the Von-Mises and
principal stress were observed to be higher along the
longitudinal direction of cortical bone as shown in Fig. 9.
The maximum values of in-plane and transverse shear
stresses were noticed at the four corners of the specimen as
per Fig. 10. This shows that failure in case of biaxial loading
will initiate from the corners of the specimen as bone
material is considered to be weaker in shear.

It was also noticed from the study that cortical bone has
higher stiffness values in longitudinal and transverse
directions for biaxial loading as compared to the uniaxial
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loading. The values of longitudinal and transverse stiffness
for biaxial loading were observed to be 1.4 and 1.8 times
higher than the corresponding values for uniaxial loading.
This shows an improved behavior of cortical bone under
biaxial loading but experimental evidences are needed to
justify this behavior.

The results show that the Hill’s criterion gives good
results for FE modeling of cortical bone and can be used for
multidirectional loading situations in bone mechanics to
predict the fracture locations and to analyze the stress-strain
behavior of anisotropic biological materials such as bone.

IV. CONCLUSION

The anisotropic behavior of cortical bone was modeled
using Finite Element Modeling. Bone material was
considered to be transversely isotropic in nature having five
elastic constants. Anisotropic yielding in cortical bone was
modeled using the Hill’s criterion. The longitudinal and
transverse tensile models of cortical bone were found to be
having good agreements with the experimental results. The
FE modeling was further extended to biaxial loading in
order to predict the behavior of cortical bone under multi-
axial loading situation and improved behavior of cortical
bone was observed under biaxial loading. The study shows
that the Hills criterion gives better results for anisotropic
yielding in bone material and can be effectively used for

different combination of loading situations in case of

complex biological materials.
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