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ABSTRACT

Novel subject-specific high-order finite element models of the human femur based on com-
puter tomographic (CT) data are discussed with material properties determined by two dif-
ferent methods, empirically based and micromechanics based, both being determined from
CT scans. The finite element (FE) results are validated through strain measurements on a
femur harvested from a 54-year-old female. To the best of our knowledge, this work is the
first to consider an inhomogeneous Poisson ratio and the first to compare results obtained
by micromechanics-based material properties to experimental observations on a whole organ.
We demonstrate that the FE models with the micromechanics-based material properties yield
results which closely match the experimental observations and are in accordance with the em-
pirically based FE models. Because the p-FE micromechanics-based results match independent
experimental observations and may provide access to patient-specific distribution of the full
elasticity tensor components, it is recommended to use a micromechanics-based method for
subject-specific structural mechanics analyses of a human femur.
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1. INTRODUCTION

Patient-specific finite element (FE) analyses of the
human femur have matured over the past decade.
The geometrical description of the bone is de-
termined by manipulating computer tomographic
(CT) scans. The elastic material properties are de-
termined based on a regression function between
the Hounsfields units (HUs) from CT (related to X-
ray attenuation coefficients and therefore mineral
density) and the inhomogeneous material behav-
ior according to empirical connections. A major is-
sue challenging the reliability of such computations
seems to be the association between the HU and
material properties, being anisotropy and inhomo-
geneous throughout the bone. Frequently, isotropy
of the bone tissue is assumed [1-6], while the mate-
rial properties are still inhomogeneously distributed
across the organ. The isotropic material properties
are determined by regression functions between HU
from CT or mass density values on the one hand,
and values for (isotropic) Young’s modulus on the
other, while the Poisson ratio is assumed to be a
constant. There are many such empirical connec-
tions, which are obtained by performing tests on
small pieces taken from different locations along the
whole bone. Thereby, the isotropic Young’s modu-
lus E of cortical or trabecular bone may be associ-
ated with bone apparent density (p,p,) or bone ash
density (pgsn) [7-11]. Bone’s density, in turn, can be
correlated to HUs, resulting in an E(HU) relation-
ship (see, e.g., [10, 12]). Also, the use of different di-
rect still empirical connections E(HU) in FE models
has been thoroughly investigated [1-4, 6, 13].

The validity and reliability of such E(HU) con-
nections in FE simulations can be improved with
respect to at least two aspects: First, transverse
isotropy of the cortical material properties, instead
of isotropy, can be considered in the FE analy-
sis. While this has been somewhat addressed in
[8, 11, 14], herein we report on the feasibility of such
an approach, but mostly focus on a second aspect
of possible improvement: The replacement of em-
pirical HU-elastic property relations by relations de-
rived from the microstructure and vascular porosity
within a piece (or representative volume element) of
cortical or trabecular bone. The porosity is accessed
through average rules for X-ray attenuation coeffi-
cients and basic biochemical knowledge on bones.
Such an approach, delivering naturally nonconstant

YOSIBASH, TRABELSI AND HELLMICH

Poisson ratios, has proved beneficial in the case of
a human mandible simulation [15]. In [15], the
influence of inhomogeneous and anisotropic mate-
rial properties (derived from an experimentally val-
idated micromechanics model [16]) on the overall
structural behavior of the organ has been clearly
shown. Still, neither has this approach been ap-
plied to other organ systems, nor has the structural
response predicted by such micromechanics-based
FE analysis been compared to experimental obser-
vations at the macroscale.

This is exactly the focus of the present article.
We herein improve the p-FE analyses of the prox-
imal femur reported in [5, 13] by considering inho-
mogeneous micromechanics-based material proper-
ties. In [5, 13], inhomogeneous empirically based
Young’s modulus distributions were defined with
a constant Poisson’s ratio, independently of the
FE mesh. Herein, a continuum micromechanics-
based model is applied for identification (from QCT
scans) of longitudinal Young’s modulus and (vary-
ing) transverse Poisson’s ratio, both being (nonem-
pirical) functions of the HU. The strains and dis-
placements predicted by the new p-FE simulations
are compared to experimental in vitro observations
on the organ. While the bulk of these simula-
tions are based on the longitudinal Young’s modu-
lus and the transverse Poisson’s ratio only (assum-
ing isotropic material behavior), we also provide
first simulations incorporating anisotropic material
properties.

2. MECHANICAL EXPERIMENTS AND FE
MODELS

A fresh-frozen femur was defrosted, CT-scanned,
and thereafter exposed to in vitro experiments dur-
ing which displacements, loads, and strains were
measured. In the following, the experimental pro-
cedure is detailed together with the steps followed
for the generation of the FE model and assignment
of material properties.

2.1 Experiments, CT Scans, and Strain
Measurements

Mechanical experiments were performed on a fresh-
frozen femur of a 54-year-old female donor. The
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femur was CT scanned, strain gauges (SGs) were
bonded on its surface, and thereafter, several me-
chanical tests were performed on it (details are pro-
vided in [13]). During the CT scan, calibration phan-
toms were placed close to the bone, used thereafter
to estimate the inhomogeneous mineral density in
the bone. During the experiments, we measured the
vertical and horizontal displacements of the femoral
head, and also the output of the strain gauges at the
surface of the proximal femur, at the inferior and su-
perior parts of the femoral neck and on the medial
and lateral femoral shaft. The experiments refer to a
simple stance position configuration in which the fe-
mur is loaded through its head while it is inclined at
four different inclination angles (0°,7°,15°, and 20°),
as shown in Fig. 1. Strains and head displacements
are quantitatively reported in [13].

2.2 Finite Element Models

Structural models mimicking the experiments were
created in the framework of the p-version of the FE
method. In short, the following steps were realized
(see Fig. 2 and [5] for further details): The geome-
try of the femur was extracted from QCT slices and
divided into cortical and trabecular regions. Exte-
rior, interface, and interior boundaries were traced
at each slice and x — y arrays were generated, each
representing different boundaries of a given slice. A
smoothing algorithm was applied on these arrays
which generate smooth closed splines used for the
solid body generation. The solid body was meshed
by an auto-mesher with tetrahedral elements using
p-FE StressCheck! code. The surfaces of the bone
are accurately represented in the FE model by using
the blending mapping method.

The material properties at each integration point
(there are 512 Gauss points per tetrahedral element)
were directly extracted from the CT scan; that is, the
CT data were converted to a 3-D array describing
the location of each pixel, and the Young’s modulus
value was assigned to each voxel by means of two
different approaches (see Sections 2.3 and 2.4).
From these values, the Gauss point-specific values
are defined by means of a weighted point average
method. Eight points (creating a closed box) around
the Gauss point of interest were identified directly

! StressCheck is a trademark of Engineering Software Re-
search and Development, Inc., St. Louis, MO.
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from the 3-D array (see Fig. 3), and the value at the
Gauss point was determined according to its rela-
tive distance from each CT data point (pixel).

The boundary conditions applied to the FE model
reflect the experimental setup: The distal face was
fully constrained, and at the planar face cut out of
the head, a load of 1000N was applied, directed ac-
cording to four different inclination angles (0°, 7°,
15°, and 20°) (see Fig. 1).

2.3 Empirical Determination of Voxel-Specific
(Isotropic) Young’s Modulus

Recently, different empirical relationships between
Young’s modulus and HU, while using a constant
Poisson’s ratio, were considered for FE analyses
with inhomogeneous, isotropic elastic properties of
three different human femurs [5, 13]. The perfor-
mance of these relationships, validated through ex-
perimental measurements on the three simulated
organs, was markedly different, revealing compara-
ble superiority in terms of reliable and accurate pre-
dictions of Keyak’s empirical relationship [12]. This
relationship is between the longitudinal Young's
modulus and HU, in combination with a constant
Poisson’s ratio v = 0.3.

Based on these findings, we herein determine (as
in [4, 5]) the Young’'s modulus E(x) (z denotes the
position of a given point or voxel in the bony or-
gan) as follows: HUs were computed directly from
the CT slices. A moving average algorithm was
applied with a predefined cubic volume of 3 x 3
mm?®. Averaged HUs were converted to an equiv-
alent mineral density pgpga [g/cm3]. The linear
relation ppga (HU) was determined by calibration
phantoms; it reads as

ppoMm=081-HU—11 [g/em®],  R?=0.99 (1)
Since we use Young’s modulus as a function of
ash density (pqsn ), the following relations from [12]
were used:

pash = 1.22 - pponr +0.0523  [g/em’]  (2)
Ecory = 10200 %% [MPa] (3)
ETrab = 5307 - PAsh + 469 [MP&] (4)
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FIGURE 1. Experiments on the fresh-frozen bone at different inclination angles

Typical CT slice Boundaries identification

p-FE mesh
generation:
Tetrahedron
elements by
automatic
mesher and
hexahedrons
by manual
meshing

Smooth Data

Boundary points and smoothing

Splines through
points - all slices
Surfaces through
- 3plines and solid
model

FIGURE 2. The flow chart for generating the p-FE model

2.4 Micromechanics-Based Determination of
Voxel-Specific (Anisotropic) Young’s Moduli
and Poisson’s Ratios

Micromechanics-based determination of voxel-
specific material properties is based on two
consecutive steps [15]:

Based on voxel average rules for the attenua-
tion coefficients [17], we assign to each voxel
the volume fraction occupied by water (mar-
row) and that occupied by solid bone matrix.

By means of a micromechanical model for bone
based on stiffness properties of solid bone ma-
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FIGURE 3. Weighted point average: Identified is the point in the 3-D array, and the Gauss point value is set as the

average according to its surroundings

trix and of water, in the line of [18, 19], we
convert the aforementioned volume fractions
into voxel-specific orthotropic (and also trans-
versely isotropic) stiffness tensor components
corresponding to a base frame coinciding with
the principal material directions.

More specifically, the voxel-specific HU are related
to the attenuation coefficients of the macroscopic
(porous) bone material inside a millimeter-sized
voxel, y, and of water, py, o, respectively:

HU(x) = =) x 1000 — 1000 5)
HH,0

where « labels the position of the individual vox-
els. The attenuation coefficients for a bone which
is composed of two constituents; (1) the water-filled
vascular pore space and (2) the (extravascular) solid
bone matrix, can be expressed with high accuracy
in terms of the mass attenuation coefficients of their
single constituents [15, 17, 20]:

W= upmfm + Hu,0fH,0 (6)

where f; is the volume fraction of constituent i.
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The solid bone matrix is composed of min-
eral (hydroxyapatite), collagen, and water (with
some noncollageneous organics) (e.g., [21, 22]). The
chemical composition of the solid bone matrix,
for example, its mineral/collagen/water content,
varies from species to species and from one anatom-
ical location to another [22-24]. It also varies at
a small scale of some microns or of tens of mi-
crons [25]. However, within one whole bone of
one species (e.g., human iliac crest, iliac bone, vete-
bra, femur, radius, mandible), the chemical com-
position (mineral/collagen/water content) of the aver-
age solid bone matrix inside a millimeter-sized voxel
remains constant, both in space (i.e., across all voxels
representing the whole bone) and in time (i.e., during
aging, from early adulthood on). This constancy is
evidenced through numerous experimental results,
from computerized quantitative contact microra-
diography [25], quantitative backscattered electron
imaging [26], Raman spectroscopy [27], or Synchro-
ton microcomputer tomography [28] (see [15] for a
detailled discussion). Such voxel-invariant chemi-
cal composition of the solid bone matrix, that is, of
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its mineral/collagen/water content, implies voxel-
invariance of its mass attenuation coefficient pug,,.
Hence, in our case, Eq. (6) can be specified as

h= wpar(l— &) + pod @)
with the vascular porosity ¢ as the volume frac-
tion of the vascular pore space with pores of tens
to hundreds of microns in size. When multiplied by
(1000/ um,0), Eq. (7) can be written in terms of the
HU, according to Eq. (5):

HU = HUgp(1 — &) 8)
with HUBM = IOOOUBM/PLHzo —1000. Once HUBM
is known, Eq. (8) provides a link between the voxel-
specific HU known from the CT scan and the voxel-
specific vascular porosity which will enter the mi-
cromechanical model (11). For determination of
HUpg, we consider standard statistical character-
istics of the HU values occurring in the entire CT
scans of the human femur, namely, the frequency
distribution and the cumulative frequency plot (see
Fig. 4).

According to Eq. (5), HU = 0 relates to pure wa-
ter so that the values at the lower end of the fre-
quency plot of Fig. 4(b) refer to very porous trabecu-
lar bone, with a vascular porosity close to 100%. At
the upper end of the HU values, we realize from the
cumulative frequency plot of Fig. 4(b) that the range

0.1
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beyond 1600 is occupied by negligibly few values.
Therefore the value of 1600 can be identified as the
one related to vanishing vascular porosity, ¢ ~ 0,
that is, to “perfectly” compact bone, to solid bone
matrix HUpgys = 1600. With this value at hand, the
spatial distribution of the vascular porosity can be
determined from the HU values through rearrange-
ment of Eq. (8):

HUBM — HU(CC)
HUpy
0 otherwise

vV HU <1600

d(z)=

The distribution of ¢ as a function of the (macro-
scopic) position vector with millimeter resolution,
defining the location in the organ, allows one to de-
termine the fields of elastic constants throughout the
organ, as described next.

The elastic properties of the solid bone matrix
depend mostly on its chemical composition (min-
eral/collagen/water content) since the morpholog-
ical patterns [29] built up over various length scales
by mineral crystals and collagen molecules are vir-
tually universal across the bone tissues found in the
vertebrate kingdom [16, 19]. Hence time- and voxel-
invariant mineral and collagen and water contents
of the solid bone matrix of one species-specific
whole bone (see discussion below (6)) result in time-
and voxel-invariant elastic properties of the solid

o© o o
EN o) ©
: : :

cumulative frequency

o
[N
:

0 500 1000 1500 2000 2500

3000
Hounsfield unit in femur
(b)

FIGURE 4. (a) Frequency distribution and (b) cumulative frequency plot of HU in the human femur
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bone matrix found within one whole bone. The
corresponding stiffness tensor, Cpas, is accessible
through ultrasonic tests on samples from a human
femur, with 2.25 MHz frequency, made by [30].
Such ultrasonic waves with a wave length A of typ-
ically 1 mm “detect” elastic properties at a scale
where stresses and strains become quasihomoge-
neous, that is, at a scale considerably lower than A,
which refers to the extravascular bone matrix with a
characteristic length of roughly 100 pm (see [16] for
corresponding acoustomechanical details). Hence
2.25 MHz-ultrasonics delivers bone matrix elastic
properties, irrespective of the actual vascular poros-
ity at one scale above. The corresponding nonzero
components Cpar,ijri of the orthotropic elasticity
tensor of the (extravascular) bone matrix of a human
orth

femur, C%}7, are reported by [16, 30]:

Ci111 C1122Cr133 0 0 0
Chi22 Ca222 Co233 0 0 0
cep_ Ci133 C2233Cs333 0 0 0
BM™ 0 0 0 2C53923 0 0
0 0 0 0 2Ci313 O

0 0 0 0 0 2C212

(10)
18.5 10.3 104 O 0 0
10.3 20.8 11.0 O 0 0
| 104 11.0 284 O 0 0
o 0 0 0 12.9 0 0
0 0 0 0 11.5 0
0 0 0 0 0 9.3

1..5mm

vascular porosity

489

In Eq. (10), 1 refers to the radial, 2 refers to the cir-
cumferential, and 3 refers to the axial (longitudinal)
direction of the bone material.

Water is known to have only bulk elastic stiff-
ness, Cy,0 = kp,0d, with the bulk modulus
Ki,0 = 2.3 GPa [31] and J as the volumetric part
of the fourth-order identity tensor, with components
Jijht = 50i;0k1.

At a length scale of several hundred microns to
several millimeters, the porous medium bone is rep-
resented as a two-phase composite material (see
Fig. 5) consisting of (1) a solid matrix and (2) the
water-filled vascular pore space. Both the morphol-
ogy of the pore space, here approximated as cylin-
drical inclusions in a solid matrix, as supported
by experiments in [16, 19], and the anisotropy of
the solid bone matrix itself, shown, for example,
by ultrasonics [32, 33] or nanoindentation [34-36],
govern the anisotropy of the overall “effective”
elastic properties at the microstructural (= macro-
scopic = voxel-related) level of bone. The voxel-
specific, orthotropic effective stiffness C.¢y can be
expressed in the framework of Eshelby problem—
based continuum micromechanics [37] by consider-
ing a solid matrix with (interacting) cylindrical in-
clusions (standardly referred to as a Mori-Tanaka
scheme [38, 39]):

Cerr={Cr,0 : [[+ Pey: : (Cr,0 — Cpar)] ™!
+(1=¢)Cpa} {PI+Pey: (Cryo—Cpar)]
+(1-¢)r}! (11)

extravascular solid bone matrix

FIGURE 5. Micromechanical representation of bone material [15] inside one voxel: Prolate (cylindrical) pores are
randomly embedded into an orthotropic solid bone matrix, whose axial material direction is aligned with the pores
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where I is the fourth-order unity tensor having com-
ponents ;i = (8;x8;1 + 8:18;1)/2, 8;; = 1 fori = j,
zero otherwise; and with P, as the fourth-order
Hill tensor accounting for the cylindrical pore shape
in a matrix of stiffness Cpgy,. It reads [15, 40, 41]

1 [ T
Py = o ; B(®,0 = §)d<1> (12)
with the fourth-order tensor B;
B=t0 K 'QE—E0GOE
(13)

1 _ _ _
Bijn :z(g.iijEvl +&; Gk +8:G1 & +E Gk )

with the symmetrized dyadic product ® and G as
the inverse of the acoustic tensor K:

K=& -Cpy - &, K =&Chumijmés  (14)
where & is the outward unit vector on the surface of
a unit sphere (located in the middle of the cylindri-
cal inclusion):

& =sin O cos Pe; + sin O sin Pey + cosOez  (15)
and with the Euler angles © and ¢ relating & to an
orthonormal basis e, e5, and e3, situated in the ori-
gin of the sphere.

Use of Eq. (9) in Eq. (11) yields micromechanics-
based relations between HU and the components of
the voxel-specific orthotropic stiffness tensors (see
next section for numerical evaluations). Averag-
ing of these stiffness tensors over all transverse di-
rections according to [15, 42] yields transversely
isotropic approximations of these stiffness tensors,
used in Section 3.3.

We are left with the question of how the mate-
rial directions of the anisotropic bone material are
defined at each voxel, throughout the entire organ.
For the case of a human mandible, experimental
and conceptual evidence demonstrates that mate-
rial directions would follow the organ’s geometry
and internal coherent structures inside the organ
[43], and one could expect that similar conclusions
would hold for a human femur. Herein, however,
we only slightly touch this aspect, and for consis-
tency with previous studies using empirically based
Eiongitudinat (HU), together with the fact that the fe-
mur under the considered load cases resembles a
composite beam structure, we take the axial Young's
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modulus F3 and the “axial” Poisson’s ratio vo3 as
the key material parameters in the isotropic FE anal-
yses.

We also consider transversely isotropic material
properties, but only in the shaft region, where the
axial, circumferential, and radial directions can be
directly defined on the geometrical concept of the
shaft being considered as a (hollow) structural cylin-
der. The relevance of these simplifications will
be highlighted by comparison of FE results with
the strain and displacement measurements. Fully
anisotropic and inhomogeneous material property
distributions across the femoral head are beyond
the scope of this manuscript — they probably evoke
significant geometrical and topological challenges,
which we reserve for research work to be resolved
at a later point in time.

3. RESULTS
3.1 Comparison of Material Properties

The micromechanics-based longitudinal Young
modulus Ejongitudinai(HU) relation is quasilinear,
whereas the empirically based relation is nonlinear
(see Fig. 6). To visualize the differences between
the longitudinal Young modulus determined by the
micromechanics-based model and the empirically
based model throughout the bone, we consider
a typical cut and present on it the variation of
Eiongitudinal and the variation of the Poisson ratio v
(micromechanics-based model only) (see Fig. 7 and
8).

The micromechanics-based model predicts a very
similar longitudinal Young modulus variation com-
pared to the empirically based model, with a
slightly smaller values but similar distribution. The
Poisson ratio, on the other hand, is clearly non-
constant and most probably represents reality much
better.

3.2 FE Results Using Isotropic Inhomogeneous
Material Properties Compared to
Experimental Observations

We assigned to the p-FE models isotropic inho-
mogeneous material properties: For the empiri-
cally based models, Young’s modulus is assigned
according to Eq. (4) with v = 0.3, whereas for
the micromechanics-based model, the longitudinal

International Journal for Multiscale Computational Engineering
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FIGURE 6. Longitudinal E(HU) relation for the micromechanics-based and empirically based models

FIGURE 7. (top) Longitudinal Young modulus in a typical cut through the bone. Micromechanics-based (left) and
empirically based (right). (bottom) Difference between micromechanics-based and empirically based estimated E
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FIGURE 8. Poisson ratio variation based on the mi-
cromechanics model

Young modulus E3 and the “axial” Poisson ratio va3
is used. FE analyses of four models describing the
bone loaded at different inclination angles were per-
formed. For the verification of the models’ results,
we increased the polynomial degree until conver-
gence in energy norm, strains, and displacements
was attained (see [5, 13]). The converged FE results
were compared to the experimental observations at
nine different points: (POI1, POI3, POIS, POI10-
13), horizontal and vertical displacement of the fe-
mur’s head, and seven SG locations that were mea-
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sured in the experiment. Results of the two different
FE models (with empirical-versus micromechanics-
based material properties) were compared at 16
points throughout the organ, as shown in Fig. 9.

To obtain a qualitative comparison between the
results, we show in Fig. 10 the longitudinal strain
€. in the bone at 0° when loaded by a 1000/N. One
may observe the very good correlation between the
empirically based and micromechanics-based FE re-
sults.

Figure 11 presents a comparison with the ex-

perimental observations: We consider strains and
displacements at the nine POIs using the two
material representation strategies (empirical- and
micromechanics-based) for the four different exper-
iments at inclination angles 0°, 7°, 15°, and 20°.
A very good correlation is obtained between the
predicted and measured strains and displacements
at all angles of inclination. If all experimental
observations from all inclination angles are con-
sidered as shown in Fig. 12, the FE model with
micromechanics-based material properties provides
excellent agreement with the experimental observa-
tions.

Figure 12 demonstrates the excellent agreement
obtained between the micromechanics-based FE
model results and the experimental observations for
all inclination angles with slope = 0.999 and R* =

FIGURE 9. FE models and 16 POI for comparison purposes

International Journal for Multiscale Computational Engineering
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FIGURE 10. Variable ¢, for the 0° inclination angle.

Micromechanics-based (left) and empirically based (right)

0.96. This is slightly better compared to the best
available empirically based FE models, that is, the
ones of [12].

3.3 FE Results Using Transversely Isotropic
Inhomogeneous Material Properties
Compared to Experimental Observations

Preliminary FE analyses with micromechanics-
based inhomogeneous transversely isotropic mate-
rial properties in the cortical shaft region, and inho-
mogeneous isotropic material properties in the head
region, were also performed. Comparison of these
analyses with the experimental observations from
all inclination angles are shown in Fig. 13.

Although it seems that the FE models with trans-
versely isotropic material properties in the corti-
cal region result in slightly poorer agreement with
the experimental observations (compared to the
isotropic case), slope = 1.014 and R? = 0.92, two
points are to be realized: (1) The loading configu-
ration on the bone induces mostly normal strains
and displacements in the longitudinal direction (no
shearing or torsion) and (2) the isotropic and trans-
versely isotropic correlations are of comparable ac-
curacy.

We anticipate that assigning orthotropic (or at
least transversely isotropic) material properties to

Volume 6, Number 5, 2008
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Material properties assigned by two different strategies:

the (cortical and trabecular) bone material in the
head region will produce the most accurate predic-
tions compared to experimental observations, if the
in vitro experiment applies not only a compression
load on the head, but also torsional or shear type
of loading. Because these kinds of experiments on
fresh-frozen human femurs are unavailable at this
stage, we will evaluate this hypothesis in a future
investigation.

4. SUMMARY, CONCLUSIONS, AND
PERSPECTIVES

This study is aimed at improving the methods
presented in [5, 13], by generating more reliable
FE models of the proximal femur using subject-
specific QCT data and micromechanics-based de-
termination of material properties (inhomogeneous
isotropic and transversely isotropic). To the best of
our knowledge, this work is the first to consider an
inhomogeneous Poisson ratio and the first to com-
pare results obtained by micromechanics-based ma-
terial properties to experimental observations on a
whole organ, and in particular, on the human femur.

By a systematic micromechanics-based method,
we evaluated bone inhomogeneous isotropic and
transversely isotropic properties (including Poisson
ratios) from QCT scans. We first assigned to the p-
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FIGURE 11. FE results (strains and displacements) compared to experimental observations. Material properties
assigned by two different strategies: Micromechanics-based (left) and empirically based (right)
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FIGURE 12. FE results (strains and displacements) compared to all experimental observations. Material properties
assigned by two different strategies: Micromechanics-based (left) and empirically based (right)

FE model of the bone isotropic inhomogeneous ma-
terial properties so that the Young modulus is the
one associated with the longitudinal direction and
the Poisson ratio is the one in the transverse direc-
tion. This is because the bone is loaded by compres-
sion, with the dominant mechanical response in the
longitudinal direction. Similar FE analyses, but with
an isotropic “best empirically based” Young modu-
lus determined by Keyak and Falkinstein [12] and a
constant Poisson ratio, validated in [5, 13], provide
similar estimation of the longitudinal Young mod-
ulus compared to the micromechanics-based model
and comparable strains and displacements.

The results of an in vitro experiment on a fresh-
frozen femur were used to validate the p-FE simu-
lations. Strains and displacements along the bone’s
surface for compressive loading on the femur’s
head at different inclination angles were used for
the validation of the p-FE simulations. It was
demonstrated that excellent predictions can be ob-
tained. The agreement between the analyses and ex-
periments are, to the best of the authors’ knowledge,
more accurate than other investigations reported in
the literature.

Because only the micromechanics-based method
may estimate the patient-specific anisotropic mate-
rial properties for the bone and excellent correla-
tion with experimental observations on the whole
organ were realized, it is recommended to use a
micromechanics-based method in conjunction with
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FIGURE 13. FE results (strains and displacements)
compared to all experimental observations. Transversely
isotropic cortical and isotropic head material properties
assigned by a micromechanics-based model

p-FEMs for a subject-specific FE analysis of the fe-
mur.

Of course, also in both the cortical and the tra-
becular compartments of the head region, the bone
material is anisotropic (orthotropic, or at least trans-
versely isotropic at first approximation). This may
be of major importance if one considers a more
complicated state of stress on the bone involving
shear and torsion. To this end, investigation of the
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anisotropic material properties assigned to FE mod-
els of the human femur is currently under way and
will be reported in a future publication. The prin-
cipal material directions are to be determined based
on structural considerations.

As a future step in this line of research, we

strive to perform in vitro experiments under shear
and torsional loadings to enhance the experimental
database against which the micromechanics-based
FE simulations can be compared to further validate
our methods.
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