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Image-Based Macro-Micro Finite Element Models
of a Canine Femur with Implant Design Implications

Somnath Ghosh, Ganapathi Krishnan, and Jonathan Dyce
Department of Mechanical Engineering, The Ohio State University, Columbus, Ohio, USA

In this paper, a comprehensive model of a bone-cement-implant
assembly is developed for a canine cemented femoral prosthesis sys-
tem. Various steps in this development entail profiling the canine
femur contours by computed tomography (CT) scanning, computer
aided design (CAD) reconstruction of the canine femur from CT
images, CAD modeling of the implant from implant blue prints
and CAD modeling of the interface cement. Finite element anal-
ysis of the macroscopic assembly is conducted for stress analysis
in individual components of the system, accounting for variation
in density and material properties in the porous bone material.
A sensitivity analysis is conducted with the macroscopic model to
investigate the effect of implant design variables on the stress dis-
tribution in the assembly. Subsequently, rigorous microstructural
analysis of the bone incorporating the morphological intricacies is
conducted. Various steps in this development include acquisition of
the bone microstructural data from histological serial sectioning,
stacking of sections to obtain 3D renderings of void distributions,
microstructural characterization and determination of properties
and, finally, microstructural stress analysis using a 3D Voronoi cell
finite element method. Generation of the simulated microstructure
and analysis by the 3D Voronoi cell finite element model provides
a new way of modeling complex microstructures and correlating
to morphological characteristics. An inverse calculation of the ma-
terial parameters of bone by combining macroscopic experiments
with microstructural characterization and analysis provides a new
approach to evaluating properties without having to do experi-
ments at this scale. Finally, the microstructural stresses in the femur
are computed using the 3D VCFEM to study the stress distribution
at the scale of the bone porosity. Significant difference is observed
between the macroscopic stresses and the peak microscopic stresses
at different locations.
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1. INTRODUCTION
Disabling and intractly painful degenerative hip disease is

common in human beings and dogs, as discussed in Olmstead
[1]. Total hip replacement is now routinely performed in both
species and offers an excellent prognosis for improved and com-
fortable function. In human beings, aseptic loosening is the prin-
cipal mechanism of prosthetic failure and is associated with con-
siderable patient morbidity. Approximately 10% of patients will
require surgical revision for aseptic loosening within 15 years
of installation [2]. In cemented total hip replacement, a man-
tle of polymethylmethacrylate (PMMA) anchors the femoral
prosthesis, and distributes stresses from the femoral stem to the
surrounding bone [3]. If stresses in the bone-implant interface
are excessive, osteolysis or stress fracture will occur. Figure 1
shows the X-rays of an implanted hip and the image of a stress
fracture in the cement mantle, respectively. The quality of the
cement mantle and the orientation of the femoral stem as deter-
minants of aseptic loosening and modern cementing techniques
have been described [4, 5]. In a review of cementing techniques,
Poss et al. [6] have concluded that prosthetic designs and surgical
techniques that combine optimal use of cement and appropriate
load transfer should confer successful long-term results in total
hip arthroplasty. In canine orthopedics, there is currently debate
regarding the optimal position, shape, size and mantle properties
for a cemented femoral prosthesis [7]. Concern regarding femur
fracture and high incidence of failure in total hip replacement
procedures has led to a number of intuitive proposed design
changes such as shortening of the stem embarkations on the cra-
nial and caudal surfaces, reduced stem diameter, and a flattened
lateral cross section.

The finite element method has emerged as a powerful tool for
modeling various complex biomedical systems. For modeling
implants and other surgical processes, this method has been used
to design devices that effectively reduce stress distributions in
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156 S. GHOSH ET AL.

FIG. 1. X-ray images (a) of an implanted femur, (b) of stress fracture in the cement mantle.

the bone [8–10]. FEM modeling of prostheses under various
load conditions has reduced the need for complex and expensive
laboratory and in vivo tests. However, a few key limitations have
restricted the widespread use of these prostheses by orthopedic
surgeons and implant manufacturers.

(i) A number of these analyses make two dimensional plane
strain, plane stress or axi-symmetric assumptions to en-
hance modeling efficiency and reduce costs. In reality, the
complex bone geometry, as well as the nature of physiolog-
ical loading, makes these assumptions inadequate from a
functional standpoint. A complete 3D model, with geomet-
ric details of the prosthesis, bone anatomy and physiologi-
cally correct loads, is necessary to make reliable predictions.

(ii) An inherent complexity of the endoprosthesis is the in-
volvement of three different materials, viz. bone, cement,
and metal. While the material of the cement and metal-
lic implants may be assumed to be homogeneous enough,
the bone material is quite heterogeneous in nature. Bone
has been modeled with phenomenological constitutive re-
lations that have linear variability, elasticity and anisotropy,
e.g. in [9, 10]. While these models are capable of predict-
ing macroscopic behavior, they are generally incapable of
capturing material behavior at the microstructureal level,
such as microscopic stress concentration, crack evolution at
the scale of the bone porosity. Models employing effective
moduli have used “unit cell models” with average bone
porosity, e.g. Ashman [11]. Impediments to detailed mi-
crostructural models are lack of (a) robust methods of image-
based modeling, in which morphological characteristics
are mapped directly to the analysis model, and (b) effi-
cient analysis tools for modeling complex microstructural
regions.

(iii) A frequent assumption in bone analysis is that material
constitution does not change appreciably from one macro-

scopic location to another. Limitations in experimental eval-
uation necessitate this assumption and thus they do not ac-
count for spatial variability in material properties.

(iv) Finite element models have been used to design the shape
and materials of the femoral stem, and to improve cement
mantle stresses in [8, 12] have recommended a non-uniform
mantle that is thicker distally about a tapered stem, while
a uniform mantle has been favored in [13]. This disparity
is a consequence of the lack of robust design methodology.
There is agreement on the opinion that cement stresses
are the highest in the proximal medial and distal lateral
regions. Estok et al. [14] have concluded that an important
factor influencing strains in the mantle near the tip of the
prosthesis is a thin mantle.

This work is aimed at developing a comprehensive approach
for stress analysis at different scales of the bone-cement-implant
assembly in a canine femur with implications on implant design.
The first part of the paper deals with macroscopic modeling
through a systematic integration of (i) profiling femur contours
by CT scanning, (ii) 3D CAD reconstruction of the bone, implant
and cement from CT images and blue prints, (iii) macro-scale
finite element analysis of the bone-cement-implant assembly,
and (iv) study on the effect of design changes to the implant on
the stresses. The second part utilizes methods of microstructural
characterization and stress analysis to understand the sensitiv-
ity of microstructural stress distribution to local morphological
parameters such as volume fraction, size, shape and spatial dis-
tribution of porosities. Microstructural models are developed to
be morphologically equivalent to micrographs obtained from
histology. Steps followed in this development include acquisi-
tion of bone microstructural data from histology, 3D render-
ings of void distributions, 3D microstructure characterization,
determination of material properties, and microstructural stress
analysis.
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IMAGE-BASED MACRO-MICRO FINITE ELEMENT MODELS OF A CANINE FEMUR 157

2. MODEL OF THE CANINE FEMUR-CEMENT-IMPLANT
ASSEMBLY

2.1. CT Scanning of the Femur
The complex geometric structure of the canine femur strongly

influences the mechanical behavior of the bone-cement-implant
assembly. Various methods have been proposed to determine
bone morphology for 3D solid modeling. Computed tomography
(CT), which uses X-ray to create slices containing detailed cross
sectional images of the body, is currently used extensively as a
diagnostic tool in biomedical research due to accuracy, high
resolution (∼0.1 mm), and ease and cost-effectiveness of data
extraction. CT scans have been used for 3D bone modeling in
many studies, e.g. [10, 15]. This is used in the development of
3D models of bone-cement-implant assembly.

A typical femur is shown in Fig. 2a, for which the proximal
end presents a smooth, nearly hemispherical head supported
by a neck, while the distal end is quadrangular and protrudes
caudally. The shaft or diaphysis of the femur is nearly cylindri-
cal, and is straight proximally and cranially bowed distally. In
constructing the CT images of the femur, contiguous transaxial
images are acquired using a Picker QRS helical CT scanner with
acquisition parameters of voxel slice density as 512 × 512, and
slice collimation as 1 mm. Images are acquired using high-pass
bone filter and the smallest possible field of view. The femur of
length 196 mm is scanned using an inter-slice distance of 1 mm
CT sections at various locations along the length of the bone
are depicted in Fig. 2b. There is a significant variation in the
cross-sectional topology from the proximal to the distal region.

FIG. 2. (a) Illustration of different regions in the femur; (b) CT sections at different regions.

It has a significantly greater width in the metaphysial regions
than in the diaphysial region, while the cortical bone is observed
to be of higher density than the cancellous bone.

2.2. CAD Based Construction of the 3D Femur Model
The bone sections acquired through CT are imported into

AutoCAD
©R 2000, a commercial 2D design and drafting plat-

form with a direct interface with the CT data. Each of the CT
sections is retraced in AutoCAD

©R [16] and saved in the IGES
(Initial Graphics Exchange Specification) format. This proce-
dure enables the CT sections to be exported to I-DEASTM [17], a
solid modeling package used in constructing the 3D bone model.
The finite element analysis excludes the femoral head and the
distal condyles, and hence only 156 out of the 196 CT sections
are utilized. In IDEASTM, the working plane is set up perpen-
dicular to the longitudinal direction of the bone. The working
plane is moved to coincide with the plane of the imported bone
section each time a new section is introduced.

Definition of a bone section is facilitated by using the “sur-
face by boundary” function in IDEASTM [17] Master Modeler
Module. The bone section is translated to the actual physical lo-
cation along the length of the bone based on the 3D CT data. This
procedure results in a series of 2-D bone sections stacked along
its length, as shown in Fig. 3a. The “lofting” tool in I-DEASTM

is used to combine sections for developing the composite 3D
bone model depicted in Fig. 3b. This tool linearly interpolates
between the slices at 1 mm interval and stitches together a se-
quence of 2D sections with minimum distortion. Sections of the
3D models at various locations are compared with the actual
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158 S. GHOSH ET AL.

FIG. 3. (a) Stacking a series of bone sections in IDEAS Master Modeler; (b) 3D solid model of the canine femur.

CT data by superimposing on the CT images and good match is
obtained between images.

2.3. CAD Model of the Implant Model and Interfacial
Cement Mantle

As shown in Fig. 1a, a typical implant used in cemented
hip replacements consists of a femoral head and stem. It is
made of stainless steel, cobalt chromium or titanium alloys,
with an acetabular cup composed of ultra-high molecular weight
polyethylene (UHMWPE). The shape of the stem is critical in
the design of the femoral components, since it has to facili-
tate adequate blending with the proximal femur to restore nor-
mal joint kinematics and to minimize the risk of implant fail-
ure and bone loss. Load transfer from the implant to the cement
and the bone is affected by cross-sectional shape, stem length
and geometric configuration. Sharp corners increase stress con-
centration, leading to cement cracking. The cobalt chrome im-
plant modeled in this study (see Fig. 4a) is designed and man-
ufactured by Biomedtrix Corporation [18]. A solid model of
the implant is developed from BioMedrix’s blueprints using I-

DEASTM as shown in Fig. 5a. The femoral head is excluded
from the analysis and hence the collar, neck, and head of the im-
plant are not modeled. Studies [19] have shown that an increase
in stem length reduces the compressive stresses in the bone.
Consequently, a range of implant sizes is modeled to under-
stand the effect of stem length on the compressive stresses in the
bone.

In a cemented total hip replacement system, the cement an-
chors the implant in position and fills the annular region between
the implant and the bone. Mapping this annular region for mod-
eling the cement is quite complex. The bone and the implant are
assembled in I-DEASTM Master Assembler Module such that
the distal tip is centrally located, providing a uniform cement
mantle in the distal region of the femur. In actual practice, the
same objective is achieved by using an injection molded PMMA
distal stem centralizer. The outer surface of the implant and the
inner surface of the bone are extracted using a surface extrac-
tion tool, which traces the outer cross section of the implant
at 1 mm intervals. The extracted surfaces are then stitched to-
gether using the “lofting” tool in I-DEASTM as shown in Fig. 5b.
In most cases the cement mantle extends beyond the length of the

FIG. 4. (a) Prosthetic implant manufactured by Biomedtrix Co, (b) design for the implant including distal taper length, cemented pocket depth and cross sectional
shapes.
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IMAGE-BASED MACRO-MICRO FINITE ELEMENT MODELS OF A CANINE FEMUR 159

FIG. 5. Solid model of (a) the implant, and (b) the interfacial cement mantle.

implant. This is achieved by extruding the outer surface of the
cement over the length of the implant.

3. MATERIAL PROPERTIES FOR THE BONE,
CEMENT AND IMPLANT
Several studies have determined elastic properties of bone

[20–24]. Relatively few studies have, however, characterized the
degree of anisotropy or reported the elastic properties of bone
as a function of the anatomical position in the bone. It has been
suggested in [19, 21] that assumptions of relatively high material
symmetry, e.g. transverse isotropy or orthotropy, are sufficient
for stress analysis of the bone.

The present study uses orthotropic elastic property data from
experimental studies conducted in Ashman et al. [11] to con-
struct anisotropic elastic property maps as functions of loca-
tion in the bone. In [11], cubic specimens of the bone were ex-
tracted from various points along the length of a canine femur in
each of the anterior, medial, posterior, and lateral quadrants (see
Figs. 6 and 7) and a continuous wave technique was applied for

FIG. 6. (a) Direction showing the z axis along the bone; (b) variation of axial elastic coefficient C33 along the length of the bone.

TABLE 1
Average values of orthotropic elastic parameters for the canine

femur from Ashman et al. (1984)

Poisson’s ratios Value Young’s/Shear moduli Value

ν12 0.282 E1 12.8 GPa
ν12 0.289 E2 15.6 GPa
ν23 0.265 E3 20.1 GPa
ν21 0.366 G12 4.68 GPa
ν31 0.454 G13 5.68 GPa
ν32 0.341 G23 6.67 GPa

measuring the bone properties in different directions. The method
allows for the measurement of wave velocities in the direction of
the incident wave and along a direction perpendicular to it. The
average values of the elastic constants are provided in Table 1.
For orthotropic materials, the reduced order elastic stiffness ma-
trix [Cij] is obtained at each point by inverting the compliance
matrix set up using the values of the three elastic moduli and six
Poisson’s ratios.

[Cij] =




1

E1

−ν12

E2

−ν13

E3
0 0 0

−ν12

E1

1

E2

−ν12

E3
0 0 0

−ν13

E1

−ν23

E2

1

E3
0 0 0

0 0 0
1

G13
0 0

0 0 0 0
1

G11
0

0 0 0 0 0
1

G12




−1

(1)
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160 S. GHOSH ET AL.

FIG. 7. (a) Direction showing the θ axis along the circumference; (b) variation of elastic coefficient C33 along the circumference of the bone.

Variation of the elastic stiffness coefficient C33 (3 being the
axial direction in the femur) along the length of the bone and
along the circumference are provided in [15], shown in Figs. 6
and 7, respectively. The stiffness coefficients Ci j are evaluated
with the assumption that the variation of all coefficients on the
spatial coordinates r, θ and z, are the same, since they all depend
on the local microstructural material morphology. The following
steps are used for constructing the stiffness matrix.

(i) A functional form of the variation of C33 with the spatial
coordinates r, θ and z is created, where r (0 ≤ r ≤ 1) cor-
responds to a scaled radial coordinate, θ (0 ≤ θ2π ) is the
angular coordinate measured from the center of the cranial
quadrant and z (0 ≤ z ≤ 100) is the scaled position along the
length from the distal end to the proximal end. The variations
in different directions are obtained from experimental ob-
servations in Nelson et al. (1995) by using a least square fit.

C33(r, θ, z)r=0,θ=0 = (−0.00007z3 + 0.0078z2

−0.1021z + 25.514) GPa (2a)

C33(r, θ, z)r=0,z=50 = (−0.04317θ3 − 0.06085θ2

+2.12311θ + 28.50) GPa (2b)

C33(r, θ, z)θ=0,z=50 = (0.02r + 28.818) GPa (2c)

The functional form of the coefficient is expressed by
superposition of the individual functions as

C33(r, θ, z) = (k0 + 0.02r − 0.04317θ3 − 0.060850θ2

+ 2.12311θ − 0.00007z3 + 0.0078z2

− 0.1021z) GPa (3)

The constant k0 is evaluated from the average value C33 =∫ 1
0

∫ 2π

0

∫ 100
0 C33(z,θ,r )dzdθdr

dzd θdr calculated from the constants in Ta-
ble 1, from which k0 is 27.09.

(ii) The expressions for all the other stiffness coefficients Ci j (i �=
3, j �= 3) are obtained by scaling the expression in Eq. (3)

in proportion to the ratio of the average values Ci j

C33
. For ex-

ample, since the ratio of the average values of C11

C33
is 0.6397,

C11 = (17.33 + 0.012r − 0.0276θ3 − 0.0389θ2 + 1.358θ

− 0.000045z3 + 0.0049z2 − 0.653z) GPa (4)

The plots of C11 and C33 for r = 0 are shown in Fig. 8. These
properties are used in the finite element analysis of the bone.

The cement material polymethylmethacrylate (PMMA) has
a lower elastic modulus than the bone and the metal prosthesis.
The cement is assumed to be homogeneous and isotropic linear
elastic and the mechanical properties are taken from [25] as
Ecement = 2.173 GPA and νcement = 0.25. Cobalt-chrome alloy,
known for its high modulus and corrosion resistance, is used in

FIG. 8. Plots of C11 and C33 for r = 0 as functions of the position along the
bone.
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Biomedtrix implants. The elastic properties are obtained from
ASM metals handbook [26] as Eimplant = 248 GPa and νimplant =
0.30.

4. MACROSCOPIC FE MODEL OF THE
BONE-CEMENT-IMPLANT ASSEMBLY
A 3D macroscopic finite element model of the bone-cement-

implant assembly is developed for analysis with the ABAQUS-
Standard code. Similar 3D studies of femoral bone and cement
implant systems have been presented in [28–32]. The present
analyses are used to understand the effects of design changes
made to a Biomedtrix manufactured implant, on the stresses
developed in the bone-implant-cement assembly.

4.1. The Finite Element Mesh
Components of the bone-cement-implant assembly exhibit

large dimensional disparities. The cortical bone in the proximal
region has a thickness of about 1 mm∼1.5 mm, whereas the
cement mantle in this region is about 2 mm wide, and the im-
plant diameter is 7 mm to 9 mm. Due to the non-uniform cross
section of the components, this thickness varies along the length
of the bone towards the mid-diaphysis, where the cortex has a
thickness of 2 mm to 2.5 mm, cement has a thickness of 2.5 mm
to 3 mm, and the implant has a diameter of 6 mm to 8 mm.
To provide appropriate resolution to the finite element mesh
for each component in the assembly, the following steps are
executed.

(i) The CAD models of the bone, implant, and cement are
loaded in I-DEASTM “parts library.” The Master Assembly
module is then invoked and parts are recalled from the
library into the assembly.

(ii) The cement mantle is assembled with the bone, by align-
ing the proximal surfaces of the cement and the bone.
The implant is then inserted into the assembly by aligning
the implant lateral flat surfaces and the cement inner sur-
face. Fine adjustments are made to the assembly by zoom-
ing into specific points and using the “coincident points”
and “coincident surface” options to connect regions. Ini-
tially the biggest size of the implant that can be accom-
modated, allowing for a minimum cement mantle of 2 mm
in the bone proximal region, is assembled. The implant
is positioned such that the distal tip is centrally located,
providing a uniform cement mantle in the femoral distal
region.

(iii) Element resolution and continuity between the components
necessitates further subdivision of the individual domains
of the bone-cement-implant system. The bone is subdivided
into two annular regions throughout its entire length, viz.
an inner region contiguous to the bone-cement interface
with a radial thickness of 0.38 mm and an outer region
with an average radial thickness of ∼2.88 mm. Similarly,
the cement mantle is subdivided into three contiguous sub-

layers with an outer layer thickness of 0.38 mm at the bone-
cement interface and an inner layer of thickness 0.76 mm at
the cement-implant interface. The dimensions of the sub-
layers are arrived at iteratively, in attempting to achieve
elements with moderate aspect ratios.

(iv) The meshing module in I-DEASTM is invoked for dis-
cretization in the manual-meshing mode. The four-noded
tetrahedron solid element C3D4 in ABAQUS is chosen.
The inner region of the implant is discretized into ele-
ments of minimum size of 0.76 mm, resulting in 4 ele-
ments across the thickness at the distal end and 8 to 10
elements in the proximal region. The outer region of the
implant and the inner region of the cement have a maxi-
mum element size of 0.38 mm with two elements across
the thickness. The central sub-layer of cement is discretized
using elements of minimum size 0.38 mm, while the outer
sub-domain is meshed with elements of maximum size 0.38
mm. Similarly, the inner layer of the bone is discretized into
elements of maximum size 0.38 mm and the outer layer into
elements of minimum size 0.38 mm. A tolerance of 0.0038
mm is provided for merging the nodes in I-DEASTM. The
finite element mesh for each component is shown in Figs.
9a, b and c. The entire model has 138, 493 C3D4 elements
with 84127 nodes.

4.2. Load and Boundary Conditions
The average weight of a Rottweiler, whose femur is analyzed

in this study, ranges from 110 lbs to 150 lbs. The body weight
is distributed such that 40% is on the fore limbs and 60% is
on the hind limbs when in the state of rest. However this dis-
tribution may vary depending on the gait of the dog with the
hind limbs taking 65%–80% of body weight during running.
Two sets of stress analyses corresponding to a simulated dy-
namic compression test and a torsion test are performed in this
study.

(i) Dynamic compression test: A static compressive load of
49.5 lbs. (220.22 N) on each femoral assembly corresponds
to a hind leg static analysis with a slightly excess (∼10%)
load. A step load of four times the static load or 198 lbs.
(880.89 N) is applied to represent the dynamic conditions
of a running dog. The load is applied as a step function over
a 10 seconds interval. The average pressure on the proximal
cross sectional area of the implant is 36.7 MPa.

(ii) Torsion test: A torque of 210.09 N-mm is applied on the
top of the cross section of the femur assembly. This corre-
sponds to a twisting moment generated by a frictional force
developed due to the static compressive load above, using a
Coulomb’s friction coefficient of 0.30. The effective friction
force is assumed to be acting at a distance of (2/3)r from the
centroid of the implant, where r is the distance of the medial
edge from the centroid of the implant. The loads are applied
on the implant and the distal femur is fixed, preventing all
translations.
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162 S. GHOSH ET AL.

FIG. 9. Maximum principal stress contour plots for the static compression test in (a) the bone; (b) the cement mantle; (c) the implant.

5. RESULTS OF MACROSCOPIC SIMULATIONS
The maximum principal stress contours in the bone, cement

mantle, and the implant for the compression and torsion tests
are selectively plotted in Fig. 9 and key observations are pre-
sented in Tables 2–4. For the compression test, the maximum
principal stress in the bone occurs at a distance of 95.1 mm from
the proximal end of the bone and in the caudal quadrant of the
diaphysial region. This location is about 2.5 mm from the dis-
tal tip of the implant. The location of the high stress matches
observations of bone-cement-implant failures in practice. The

maximum shear stress occurs at a distance of 90.1 mm from the
proximal end of the implant and in the anterior quadrant. For
the cement mantle, the stresses are generally uniform across the
cross section, with the maximum stress occurring at the distal
tip of the implant in the cranial and caudal quadrants, around
the cement pockets. The compressive stress in the implant is
also relatively uniform with the maximum principal stress oc-
curring at the distal tip in the caudal quadrant. A high stress
region or H.S.R in Tables 2–4 is an indicator of the extent of
high stresses, and is defined as the fraction of the entire domain

TABLE 2
Normal and shear stresses for static compression test

Normal stress (kPa) Shear stress (kPa)

Avg. Max. Min. H.S.R Avg. Max. Min. H.S.R
(E + 05) (E + 05) (E + 03) % (E + 05) (E + 05) (E + 03) %

Bone −4.132 −7.25 −1.003 0.987 2.045 3.122 0.981 0.481
Cement −2.002 −3.91 −2.136 0.808 1.002 1.896 0.675 0.501
Implant −2.889 −4.401 −1.134 0.611 0.894 1.416 0.441 0.389
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IMAGE-BASED MACRO-MICRO FINITE ELEMENT MODELS OF A CANINE FEMUR 163

TABLE 3
Normal and shear stresses for static torsion test

Normal stress (kPa) Shear stress (kPa)

Avg. Max. Min. H.S.R Avg. Max. Min. H.S.R
Component E + 05 E + 05 E + 03 % E + 05 E + 05 E + 03 %

Bone 0.888 1.008 4.434 0.515 0.916 2.112 0.516 0.624
Cement 0.188 0.609 3.976 0.732 0.385 0.944 0.108 0.773
Implant 0.261 0.412 0.179 0.606 0.311 0.711 0.284 0.591

that is at or above 90% of the maximum corresponding stress
level (principal stress or shear stress). The table shows that the
HSR is significantly higher in the bone compared to the other
components.

For the torsion test results presented in Table 3, the maximum
principal stress in the bone occurs at a distance of 91.8 mm from
the proximal end and in the anterior quadrant of the diaphysial
region. The shear stresses dominate in this test, with the maxi-
mum stress occurring over a distance of 90.2 mm to 92.4 mm
from the proximal end, in both the cranial and caudal quadrants.
The location is at the distal end of the stem near the cement
pockets. For the cement mantle the maximum shear stress oc-
curs over a distance of 89.4 mm to 91.3 mm from the proximal
end and in the cranial and caudal quadrants around the cement
pockets. About 0.8% of the cement mantle lies in the high shear
stress region. The high stresses near the cement pockets indicate
that the design of the cement pockets affect the overall stress
patterns for torsion. The shear stresses in the implant occur in
the region of the cement pockets in the cranial and caudal quad-
rants of the distal stem and are relatively low compared to the
bone and cement.

5.1. Macroscopic Sensitivity Studies
with Design Parameters

Sensitivity studies are conducted with the macroscopic FEM
model to understand the effects of design changes on the macro-
scopic stress distribution in the bone-cement-implant assembly.
Simulations are conducted for the dynamic compression condi-
tions. Three design parameters are chosen based on BioMedtrix’s

requirements, namely: (a) the length of the distal taper (l), (b)
the depth of the cement pocket (r ), and (c) the cross section of
the implant as shown in Fig. 4. Major results with the design
changes are summarized in Table 5. The numbers in the paren-
thesis indicated the increase or decrease in the stresses or H.S.R
due to the design changes.

The distal taper length (l) is changed by ±10%. The increase
in the length reduces the peak value of the maximum principal
stress and also the regions of high stress (HSR) in all components
of the assembly, which produces desirable effects in the assem-
bly. Furthermore, the location of the maximum stress moves dis-
tally. The effect on the shear stresses is marginal. The decrease
in the length of the distal taper increases the peak value of the
maximum principal stress in the bone, cement, and implant but
the region of high stress (HSR) in all the three components is
smaller. This indicates that a shorter taper produces a higher lo-
cal stress, but its effect is over a smaller region. Next, the depth
of the cement pockets (r ) is changed by ±3.5%. Increase in the
depth decreases the stresses in the bone and also reduces the high
stress region. However the peak value of the maximum stress and
the shear stresses increases in the cement mantle. The effect on
the implant is relatively small. Decreasing the depth of the ce-
ment pocket has marginal effect in reducing the stresses in the
three components and also the HSR. Finally, the cross section of
the implant is modified (reduced by 7.5%) as shown in Fig. 4b
(iii). This produces highly adverse effects in the components,
increasing the stresses and the high stress regions in the bone,
cement and implant. Thus this modification is not desirable. The
study of the design changes indicates that the use of an implant

TABLE 4
Comparison of normal and shear stresses for dynamic compression test

Normal stress (kPa) Shear stress (kPa)

Avg. Max. Min. H.S.R Avg. Max. Min. H.S.R
Component E + 06 E + 06 E + 04 % E + 06 E + 06 E + 05 %

Bone −2.100 −3.21 −0.981 1.322 0.765 1.006 0.442 0.538
Cement −0.475 −1.71 −0.484 1.051 0.307 0.743 0.289 0.746
Implant −0.816 −1.267 −4.001 0.811 0.271 0.711 0.306 0.513
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164 S. GHOSH ET AL.

TABLE 5
Effects of implant design changes for dynamic compression test

Bone Cement mantle Implant

Max. Prin. H.S.R Max. Prin. H.S.R Max. Prin. H.S.R
Design Stress ∗ E + 06 (%) Stress ∗ E + 06 (%) Stress ∗ E + 06 (%)
parameter (differ.) (differ.) (differ.) (differ.) (differ.) (differ.)

Longer distal taper −3.172 0.93 −1.688 0.89 −1.110 0.76
(−1.2%) (−29.6%) (−1.29%) (−15.3%) (−12.4%) (−6.2%)

Shorter distal taper −3.502 0.82 −1.743 0.91 −1.309 0.80
(+9.01%) (−37.9%) (+1.93%) (−13.4%) (+3.3%) (−1.4%)

Deeper cement pocket −3.152 1.01 −1.811 1.01 −1.259 0.79
(−1.81%) (−23.6%) (+5.91%) (−3.9%) (−0.6%) (−2.67%)

Shallow cement pocket −3.118 0.87 −1.671 0.91 −1.169 0.82
(−2.86%) (−34.1%) (−2.28%) (−13.4%) (−7.7%) (+1.1%)

Modified cross section −3.751 1.43 −1.739 1.12 −1.323 0.98
(16.84%) (+8.17%) (+1.7%) (+6.6%) (+4.4%) (+20.8%)

with a longer distal taper suitably modifies the stress state in the
bone-cement-implant assembly. It produces a smaller region of
high stress and also lowers stress concentrations.

6. DEVELOPMENT OF A MICROSTRUCTURAL
BONE MODEL
Image based modeling of the bone microstructure has gained

a significant amount of attention in the recent years with ad-
vancements in computing power and technology [33, 34]. This
section discusses a systematic procedure for the development
of a microstructural analysis model of the bone incorporating
actual morphological features. The process encompasses acqui-
sition of microstructural data from histological serial section-
ing, obtaining 3D renderings of the microstructure, an inverse

method of bone property determination and stress analysis at
various locations.

6.1. Histology and Microstructural Data Acquisition
The 3D morphology of the porous bone microstructure is

obtained by histology or serial sectioning method of gradual
removal of parallel layers of bone material. It is a method used
for accurate 3-D microstructure visualization at the resolution of
the micro-porosity size and spacing. Some of the key elements
in the histology process are:

(i) Near-cylindrical slices of bone of 5 mm thickness are ex-
tracted from different locations along its length, as shown
in Fig. 10a. Each of these slices is sub-sectioned into the

FIG. 10. Schematic of the histology process: (a) locations along the femur for slicing; (b) a typical slice with circumferential regions; and (c) quadrant showing
multiple histology sections.
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IMAGE-BASED MACRO-MICRO FINITE ELEMENT MODELS OF A CANINE FEMUR 165

FIG. 11. (a) Stack of micrographs of sections obtained by histology; (b) filtered regions of black and white images of voids; (c) 3D volume rendering from
assembled sections; (d) equivalent microstructure tessellated into Voronoi cell network.

cranial, lateral, caudal and medial quadrants. The blocks
are decalcified with 8% formic acid/hydrochloric acid (1:1
v/v). The decalcified blocks are processed for paraffin em-
bedding.

(ii) The slices in each quadrant are serially sectioned at 7 µm
thickness using a microtome. Each section is mounted on
a glass slide and stained.

(iii) Stained sections are observed under a SPOT optical mi-
croscope [35], consisting of a digital camera mounted on a
microscope and connected to a computer with image analy-
sis software SPOT 6.1. Approximately 25 to 30 consecutive
images are obtained from each quadrant at each location,
as shown in Fig. 11a.

6.2. 3D Microstructure Reconstruction
3D microstructures are computationally reconstructed by se-

quential assembly of all sections that are digitized from the 2D
histology images. 2-D section micrographs are stacked in paral-
lel and a volume rendering software Slicer-Dicer 3.5 [36] is used
to interpolate between the slices to obtain final 3-D microstruc-
ture shown in Fig. 11c. Accurate alignment of the parallel slices
is achieved using Adobe Photoshop in which the contour of a
single void and an edge are matched. The dimensions of the mi-
crostructural blocks are typically ∼250 µm×180 µm×50 µm.

The 3D model is digitized and is processed for microstructural
modeling.

6.3. Computer Simulated Equivalent Bone
Microstructure

The actual 3D microstructural geometry in Fig. 11c is gener-
ally quite complex and an exhaustive database is required to
store all the geometric details. To avert this, equivalent mi-
crostructures that closely approximate the actual morphology
but are computationally less demanding are generated. In this
process, each void of arbitrary morphology is replaced by an
equivalent ellipsoid. This process economizes the image anal-
ysis and characterization process by way of well-known ge-
ometric properties of ellipsoids. The digitized image data are
first transferred into binary format to distinguish between the
porosity and bone material phases. The 0-th (I0), 1st (Ix , Iy, Iz)
and 2nd (Ixx , Iyy, Izz, Ixy, Iyz, Ixz) order geometric moments are
then computed for each void by adding the contributions from
each voxel that lie within the void boundary. The centroidal coor-
dinates (xc, yc, zc) of the equivalent ellipsoid are first evaluated
from the zero and first order moments as:

xc = Ix/ I0, yc = Iy/I0, zc = Iz/I0 (5)
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The major, intermediate, and minor axes of the equivalent el-
lipsoids are then obtained from the principal moments I1, I2, I3

as:

a =
√

5

I0
(I2 + I3 − I1), b =

√
5

I0
(I1 + I3 − I2),

c =
√

5

I0
(I1 + I2 − I3) (6)

The principal directions (or orientations of the three axes) for the
ellipsoids are obtained from the eigenvalues of the second order

FIG. 12. Variation of (a) average local volume fraction; (b) average nearest-neighbor distance; (c) average void size; and (d) number of voids per unit volume,
along the length of the bone.

moments Ii j (i = 1..3, and j = 1..3). A computer simulated 3D
equivalent microstructure is shown in Fig. 11d.

6.4. Tessellation of the Microstructural Domain
and Quantitative Characterization

Voronoi tessellation is the subdivision of a heterogeneous re-
gion based on the size and location of a set of heterogeneities
into Voronoi cells, such that each cell represents the immidiate
neighbourhood of the heterogeneity. Figure 11d shows a com-
puted equivalent microstructural block tessellated into a mesh of
Voronoi elements. The mesh of Voronoi cells plays an important
role in the development of geometric descriptors for quantitative
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characterization of a heterogeneous microstructure, since each
cell may be identified as a basic structural element of the mi-
crostructure. For a porous material, the cells represent the im-
mediate neighborhood of each void and also define neighboring
voids as those which share cell facets. Details of the Voronoi tes-
sellation process in 2D and 3D and quantitative characterization
are presented in Li et al. [37, 38].

Following the procedure discussed in [37, 38], the distribu-
tions of four different microstructural parameters, namely (a)
local volume fraction, (b) nearest neighbor center-to-center dis-
tance, (c) size of the voids, and (d) number of voids in each
microstructural block of the bone at different locations, are ex-
amined in this study. The local volume fraction (VVF) is the
ratio of the void size to the size of the associated Voronoi cell,
and is a good indicator of the local distribution. The average
local volume fraction is evaluated for each of the cranial, cau-
dal, medial, and lateral quadrants and plotted as a function of
the distance from the diaphysial region in Fig. 12a. The volume
fraction monotonically increases from the diaphysial region to
the epiphyseal region, indicating gradually decreasing bone den-
sity. The nearest neighbor distance (NND) is an indicator of the
local interaction between neighboring voids and can be calcu-
lated as the center-to-center distance between voids that share
edges of Voronoi cells. In contrast to the local volume fraction,
the NND decreases monotonically with distance from the dia-
physial region as shown in Fig. 12b due to denser packing of the
voids in the epiphyseal region. Variations in the characterization
parameters along the bone length are attributed to the adaptation
of the bone to the imposed load. The morphology of the femur
and its intrinsic structure are a consequence of the modeling in
response to the load history (Wolff’s law). Regions of the bone
subjected to higher compressive load, namely the medial and
caudal quadrants are denser. This is reflected in larger nearest
neighbor center-to-center distance and smaller volume fractions
as compared to the cranial and lateral quadrants of the bone.
Figs. 12c and 12d show the variation of the void size and the
number of voids per unit volume. It is interesting to note that
while the average size of the voids increases in the epiphyseal
region, so does the number density.

6.5. An Inverse Method for Elastic Property Evaluation
of Pure Bone Material

The mechanical properties of bone are strongly dependent on
its microstructural morphology. Variations in the local composi-
tion render the overall bone properties highly non-homogeneous.
For most micromechanical analyses at the scale of the porosity,
it is necessary to input the properties of the bone mass alone
without the porosities. This is a challenging task as it requires
experiments to be devised at this scale. Nanoindentation tech-
niques, e.g. in [39], have been used to measure microstructural
deformations in the bone. However, these techniques do not
provide all the necessary information, e.g. anisotropic coeffi-
cients. Alternately, an inverse analysis with computational mi-
cromechanics is developed in this paper for evaluation of the

TABLE 6
Elastic properties of the bone at various locations by the

inverse micromechanics method

Block

Location Quadrant EB(GPa) νB

1 Cranial 16.32 0.287
2 Caudal 16.308 0.288
3 Lateral 16.33 0.289
4 Medial 16.311 0.288
5 Lateral 16.299 0.289
6 Cranial 16.322 0.287
7 Caudal 16.307 0.286

Young’s modulus EB and Poisson ratio νB of the bone. The
micromechanical analysis is conducted using a 3D Voronoi cell
finite element model (VCFEM) discussed in Ghosh and Moorthy
[40]. The essential steps involved are outlined below.
(1) Generate Representative Material Elements at Different Lo-
cations: Representative material elements (RME) are set up at
seven independent locations as indicated in Table 7 and Fig.
10 to determine material properties at different regions in the
femur. The RME construction involves equivalent 3-D micro-
structure construction as discussed in section 6.1. The finite
element mesh for VCFEM analysis of each RME is then con-
structed by tessellation into Voronoi cells shown in
Fig. 11d.
(2) Apply Boundary and Loading Conditions on the RME:
Stress analysis of the RME is conducted using the VCFEM to
evaluate orthotropic elastic stiffness coefficient. In VCFEM pe-
riodic boundary conditions are applied on the faces of the RME.
For nodes on the boundary, which are separated by the periods
(Y1, Y2, Y3) along one or more coordinate directions, displace-
ment constraints are imposed in VCFEM as one of the following:

µi = (x1, x2, x3) = µi (xi ± k1Y1, x2 ± k2Y2, x3 ± k3Y3),

i = 1, 2, 3 (7)

TABLE 7
Ratio of microstructural peak to average macroscopic Von

Mises stress at different regions of the bone

Block

Location Quadrant Ratio of Von-Mises stresses

1 Cranial 1.576
2 Caudal 1.718
3 Lateral 1.988
4 Medial 2.034
5 Lateral 2.313
6 Cranial 2.645
7 Caudal 2.896
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168 S. GHOSH ET AL.

FIG. 13. Convergence plots from inverse analysis of (a) Young’s modulus and (b) Poisson’s ratio, in the bone material.

where k1, k2, k3 may assume the values 0 or 1, depending on
the node locations. The stiffness evaluation process involves
solving six sets of RME boundary value problems with these
periodic boundary condition and six different applied unit strains
corresponding to:

(a) three normal strains εi i = 1(no sum on i)∀ i = 1, 2, 3;
εi j = 0∀i �= j and

(b) three shear strains εi j = 1∀i �= j, i, j = 1, 2, 3;
εi i = 0(no sum on i)∀i = 1, 2, 3.

(3) Solve Iteratively the RME Boundary Value Problem: The
linear elastic parameters EB and νB are iteratively evaluated by
solving the RME boundary value problem with the boundary
conditions in step 2. The volume averaged macroscopic stresses
are evaluated from the microscopic stresses in the entire RME as

σi j =
∫

VRM E
σi j dV∫

VRM E
dV . The stress-strain relation is consequently used

to evaluate the macroscopic orthotropic coefficients Cij(r, θ, z)
in equation 1. For example, for the case when ε11 = 1 and all
other strains are zero, C11 = σ11

1, C12 = σ22
2 and C13 = σ33

1.
Similarly, for the case when ε22 = 1, C22 = σ22

2 and C23 =
σ33

2; for ε33 = 1 C33 = σ33
3; for ε12 = 1 C44 = σ12

4, for
ε23 = 1 σ23

5 and for ε13 = 1 C66 = σ13
6.

The evaluation process of the material elastic coefficients EB

and νB involves iterations to minimize the least square error mea-
sure between the simulated values and the experimental values
of the stiffness coefficients Cij, following the problem statement

Minimize

√√√√ 6∑
i=1

6∑
j=1

(
CExpt

i j − CSimul
i j

)2
(8)

wr t EB, νB

The experimental values of Ci j , are discussed in section 3. The
iterative process starts with an initial guess of the EB and νB

obtained using rule of mixtures. The values of EB and νB are
incrementally changed and then input into the VCFEM analysis
of the RME boundary value problem. The procedure is repeated
till a

% error

(
=

√∑6
i=1

∑6
j=1

(
CExpt

i j − CSimul
i j

)2

√∑6
i=1

∑6
j=1

(
C Expt

i j

)2
x 100

)

<3% is achieved.

The convergence of the iterative process to the accepted values
of the elastic parameters is shown in Fig. 13. Even though the
macroscopic properties of the bone vary considerably with loca-
tion (see Fig. 8), the properties of the bone material are similar,
as shown in Table 6. The average Young’s modulus of values
in Table 5 is 16.31 GPa. The value of EB has been obtained to
be 15.48 GPa for bovine femur bone in [41] by nanoindentation
techniques.

7. MICROSTRUCTURAL STRESS ANALYSIS AT VARIOUS
FEMORAL LOCATIONS
Image-based microstructural models are increasingly becom-

ing popular for stress analysis in the bone microstructure. Feld-
kamp et al. [42] have used computed tomography to obtain
detailed bone microstructure data. Borah et al. [43] have used
magnetic resonance micro-imaging and micro-computed tomog-
raphy coupled with digital FEM for microstructural analysis.
Hollister and Kikuchi [44] have used unit-cell bone models to
describe the bone microstructure and homogenization to study
bone-remodeling process. Ulrich et al. [45] have evaluated the
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FIG. 14. Contour plots of the Von Mises stress in (a) location 1 of cranial block and (b) location 7 of lateral block.

quality of the trabecular bone with micro-CT and FEA. Parfitt
[46] has used bone microstructure models obtained through
micro-CT to assess the strength of vertebrae. In the present
study, microstructural stress analysis using a 3D Voronoi cell
finite element model [40] is used to relate characteristic fea-
tures of the microstructure to the stress distribution in the bone.
The microscopic analyses at various regions of interest in the
bone are for the dynamic compression tests discussed in sec-
tion 5. Seven microstructural blocks of dimensions ∼250µm
×180 µm ×50 µm from different locations are selected. Macro-
scopic strains (εx , εy, εz, γxy, γyz, γxz) for the compression test
are known in elements at these locations from the macroscopic
ABAQUS simulations in section 5. Considering the macroscopic
strains at each location to be constant, the boundary conditions
on the nodes of the microscopic VCFEM model are applied

according to the equations

u(X, Y, Z ) = εX X X + γXY Y + γX Z Z

v(X, Y, Z ) = εY Y Y + γY Z Z (9)

w(X, Y, Z ) = εZ Z Z

where X, Y and Z are the rectangular Cartesian coordinates
with its origin at one of the corners of the rectangular RME.
The material parameters EB and νB for the VCFEM simula-
tions are taken from Table 5. The Von-Mises stress distribution
in the microstructural RME at the cranial block of location 1
and the lateral block location 7 are plotted in Fig. 14. In Fig. 15a
the macroscopic Von-Mises stress and the corresponding peak
stresses in the microstructure are plotted as functions of macro-
scopic locations in the femur. The value corresponding to the

FIG. 15. (a) Peak values of Von-Mises stresses at the microscopic and macroscopic scales and (b) the ratio of the peak microscopic stress along the length of
the femur.
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170 S. GHOSH ET AL.

diaphysial region represents the maximum macroscopic stress
in the bone region analyzed in section 5. While the macroscopic
stress reduces from the diaphysial to the epiphysial region, the
microscopic peak stress increases significantly in this direction.
The reduction in the macroscopic stress is due to the reduction in
elastic stiffness towards the epiphysial end. As seen in Fig. 11a,
the average void volume fraction monotonically increases from
the diaphysis to the proximal epiphysis region, which causes the
average elastic modulus to decrease monotonically. On the other
hand, the near neighbor distance manifesting the proximity of
the voids, decreases in the same direction. This results in an in-
crease in the peak stresses due to thinner ligaments between the
voids. Fig. 15b is a plot of the ratio of the peak microscopic stress
to the corresponding macroscopic stress. These ratios are quan-
tified in Table 7 for various regions. The ratio varies from 1.6
to 2.9, which suggests that in regions of low near neighbor dis-
tance the microscopic stress distribution is significantly higher
than what is expected from macroscopic analysis. This signifi-
cant effect of the microstructural stresses should be taken into
account in the design of implants in femur-implant assembly.

8. CONCLUSIONS
This paper presents a comprehensive approach for macro-

scopic and microscopic analysis of a bonecement-prosthetic im-
plant in a cemented canine hip prosthesis by combining methods
of image analysis, microscopy, CAD, mechanical testing, and
finite element modeling at multiple scales. In the macroscopic
model development and analysis, a systematic approach is de-
veloped by coupling various important elements at the macro-
scopic scale without incorporation of the bone microstructure.
These include (a) geometric modeling of the canine femur from
computed tomography, (b) reconstruction of the actual canine
implant based on the industrial blue-prints, (c) developing a com-
prehensive material model for the complex bone tissue based on
experimental studies, and (d) performing finite element analysis
on the bone, cement, implant assembly under realistic loading
conditions. The results are post-processed to understand the ef-
fects of the component interaction in the bone-implant-cement
mantle assembly on the macroscopic stress distribution. A sen-
sitivity analysis is conducted with the macroscopic model to
investigate the effect of implant design variables on the stress
distribution in the assembly. This is an important outcome of
the macroscopic analysis, since the recommendations of this
analysis (e.g. a longer distal taper) have a direct impact on the
applications.

A rigorous microstructural modeling of the bone is subse-
quently executed by incorporating a unique combination of sev-
eral ingredients, viz. (a) microstructural data acquisition of se-
rial sections, (b) 3D image based microstructure reconstruction
and simulation, (c) microstructural characterization of the bone
microstructure at different locations, (d) an inverse method for
determination of the elastic properties of pure bone material,
and (e) microstructural stress analysis at various locations. A

number of unique approaches are utilized in the microstruc-
tural analysis. Generation of the simulated microstructure and
analysis by the 3D Voronoi cell finite element model provides
a new way of modeling complex microstructures and correlat-
ing to morphological characteristics. The inverse calculation of
the material parameters of bone by combining macroscopic ex-
periments with microstructural characterization and analysis is
quite unique. It provides a new approach to evaluating bone
properties without having to do experiments at this scale. Fi-
nally, the microstructural stresses in the femur are computed
using the 3D VCFEM to study the stress distribution at the scale
of the bone porosity. Significant difference is observed between
the macroscopic stresses and the peak microscopic stresses at
different locations. The difference is attributed to the variation
in the microstructure, e.g. porosity. This should be accounted
for in the design process, e.g. when considering proximal de-
sign features such as the collar and the design features of the
stem tip distally. The pattern of stresses is consistent with many
clinical observations. For example, adaptive bone remodeling in
the convalescent period after total hip replacement is character-
ized by periosteal new bone formation localized to the area of
high stress in the diaphysis; femoral fatigue fracture after total
hip replacement is initiated in high stress region of the diaph-
ysis; aseptic loosening by bone cement interface deterioration
is radiographically apparent as endosteolysis near the stem tip;
and cement mantle fracture can occur after aseptic loosening at
the level of the stem tip [47]. In conclusion, it is hypothesized
that significant improvements in computer modeling based de-
sign of endoprosthesis can be accomplished with application of
multiple-scale analysis.
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