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Abstract
Purpose: In a meta-analysis of the literature we evaluated the present knowledge of the material properties of cortical and cancellous
bone to answer the question whether the available data are su$cient to realize anisotropic "nite element (FE)-models of the proximal
femur. Material and method: All studies that met the following criteria were analyzed: Young's modulus, tensile, compressive and
torsional strengths, Poisson's ratio, the shear modulus and the viscoelastic properties had to be determined experimentally. The
experiments had to be carried out in a moist environment and at room temperature with freshly removed and untreated human
cadaverous femurs. All material properties had to be determined in de"ned load directions (axial, transverse) and should have been
correlated to apparent density (g/cm), re#ecting the individually variable and age-dependent changes of bone material properties.
Results: Di!erences in Young's modulus of cortical [cancellous] bone at a rate of between 33% (58%) (at low apparent density) and
62% (80%) (at high apparent density), are higher in the axial than in the transverse load direction. Similar results have been seen for
the compressive strength of femoral bone. For the tensile and torsional strengths, Poisson's ratio and the shear modulus, only ultimate
values have been found without a correlation to apparent density. For the viscoelastic behaviour of bone only data of cortical bone
and in axial load direction have been described up to now. Conclusions: Anisotropic FE-models of the femur could be realized for most
part with the summarized material properties of bone if characterized by apparent density and load directions. Because several
mechanical properties have not been correlated to these main criteria, further experimental investigations will be necessary in
future.  2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction
In order to simulate the reactions of bone to physiological and non-physiological load conditions multiple
computer-aided "nite element models of the proximal
femur have been generated since the mid-1970s (Andriacchi et al., 1976; Svensson et al., 1977; Rohlmann et al.,
1980,1982,1983; Huiskes et al., 1989). Although many previous studies had clearly demonstrated the anisotropic behaviour of bone (Dempster and Liddicoat, 1952; Bargren
et al., 1974; Martens et al., 1983; Goulet et al., 1994), all
FE-simulations that have been developed so far have
assumed isotropic material properties without exception.
Besides the numerical problems of anisotropic simulation of bone remodelling (BeaupreH et al., 1990; Jacobs
* Corresponding author. Tel.: #49-241-8089410; fax: #49-2418888453.

et al., 1997), the main reason for this exclusive assumption of isotropic conditions in bony FE-models has been
the lack of a comprehensive data bank incorporating the
material properties of bone as a function of the orthotropic load directions.
Therefore, it was the aim of this study to summarize
the present knowledge in the literature about the direction-dependent material properties of cortical and cancellous femoral bone. In addition, we tried to answer the
question whether these data are su$cient to develop and
feed anisotropic FE-models of the proximal femur.

2. Materials and methods
A survey of more than 300 published studies which
investigated experimentally the following material
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properties of human cadaverous femurs were analyzed:
1. Young's modulus
2. Compressive strength, tensile strength and torsional
strength
3. Shear modulus
4. Poisson's ratio
5. Viscoelastic behaviour
As inclusion criteria of this evaluation all investigations had to be carried out on freshly extracted cadaverous femurs, in a moist environment and at body
temperature. Additionally, studies were also accepted
where femurs had been frozen at a minimum of !203C
directly after removal and had been investigated at room
temperature (causing no alteration of material properties
(Sedlin and Hirsch, 1966; Linde and Sorensen, 1993)).
Since a de"nite correlation has been found between
changes of material properties, bone density and age of
cortical and cancellous femoral bone (Schmitt, 1968; Burstein et al., 1976; Viano et al., 1976; Knaub, 1981a), the
assumption is justi"ed, that the individually variable and
age-dependent changes of bone are largely characterized
by bone density. Therefore, all studies included in our
analysis referred their reported material properties to
bone density measurements made by quantitative computertomography (QCT), weight or volumetric determinations.
Bone densities measured via CT-scan and weight were
converted into volumetric bone densities (g/cm) by the
method of Lotz et al. (1990). Thus, all given details about
bone density were de"ned as apparent density (mass of
mineralized bone divided by bulk volume including porous surface).
To account for the orthotropy of bone, all analyzed
experiments had to be carried out in de"ned load directions. The axial direction had to be de"ned according to
the Haversian osteons of the cortical bone and according
to the spatial main direction of the trabecular structures
within the samples of cancellous bone. In addition, the
transverse axis had to be positioned perpendicular to this
anatomically well-de"ned axial direction.
On the basis of these data the average values of the
analyzed material properties were calculated in correlation with apparent density and separated for cortical and
cancellous bone. The mean value plots were approximated by power-law-type functions, which might be used
in any numerical application.

sidered an inhomogeneous material (Rauber, 1896;
Knese et al., 1956; Schmitt, 1968). Fig. 1 shows di!erences
of Young's modulus of cortical bone between 33% (at
low apparent densities; 1.5 g/cm) and 62% (at high apparent densities; 2 g/cm) higher in the axial than in the
transverse load directions.
Similar results have been found in the case of cancellous bone (Fig. 2). Here, apparent density-related
Young's modulus in the transverse direction di!ers by
between 58 and 80% below the average values of the
corresponding axial direction.
In order to be able to predict changes in the relationship between Young's modulus and apparent density as
a function of the load direction between the axial and
transverse orthotropic axes, the decrease of the relative
values of Young's modulus is shown versus load direction between 03 (axial) and 903 (transversal) (Fig. 3). The
graphs exhibit an almost linear decrease of the relative
values of Young's modulus of about 55% for the axial
relative to the transverse load direction.
3.2. Compressive strength, tensile strength and torsional
strength
The compressive strength of cortical and cancellous
bone rises with increased apparent density (Fig. 4). At
low apparent densities (0.1}0.3 g/cm), the average values
of compressive strength of cancellous bone in the transverse direction exceed the corresponding values in the
axial load direction. This is probably because at these
low apparent densities measurements might be more
inaccurate and orientation among the trabeculae less
measurable.
Data concerning the tensile and torsional strength
of cortical bone have not been correlated with bone
density (tensile strength: &150 MPa; torsional strength:
49}68 MPa) (Lindahl and Lindgren, 1967a,b; Simkin et
al., 1971; Vinz, 1972; Wall et al., 1972; Reilly et al., 1974;
Saito, 1983). In the case of cancellous bone, Carter et al.
(1980) found a linear correlation between apparent density and the tensile strength (0.2 g/cm&3 MPa;
0.5 g/cm&15 MPa). Although these data do not exactly
"t the criteria for inclusion in our study (experiments
were performed with dried and rewetted specimens of
cancellous bone from proximal and distal femora), it
seems to be justi"ed to mention these important experimental "ndings. In contrast, details about the torsional
strength of cancellous bone are not available in the literature.

3. Results

3.3. Shear modulus

3.1. Young's modulus

According to experiments by Martens et al.
(1981/1983), the shear modulus of cortical femoral bone
is assumed to be between 2840 and 4040 MPa (average:
3280 MPa). These results were con"rmed by Reilly and

The Young's modulus of cortical bone is a function of
density. For this reason, cortical bone must be con-
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Fig. 1. Young's modulus-apparent density-relationship of cortical femoral bone in the axial and the transverse load directions. Only one literature
reference (Lotz et al., 1991) considered and precisely quanti"ed the dependence on apparent density in transverse load direction. The functional
relations are approximated by E"2065o  in the axial load direction, E"2314o  in the transverse load direction.

Fig. 2. Young's modulus}apparent density relationship of cancellous femoral bone in the axial and the transverse load directions. The functional
relations are approximated by E"1904o  in the axial load direction, E"1157o  in the transverse load direction.
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Fig. 3. Young's modulus of cortical femoral bone in relation to loads between the axial and the transverse directions. Hirsch and da Silva (1967)
measured changes of Young's modulus with two di!erent loads (100, 250 kp) between the axial (03) and the transverse (903) direction on human
cadaverous femurs.

Burstein (1974) giving an average value of 3300 MPa.
Data on di!erent bone densities in#uencing the shear
modulus have not been detected for cortical structures.
In contrast, shear modulus correlations with apparent
density in cancellous bone were studied mainly by
Knaub (1981a). Although the measured values varied
over a wide range, the shear modulus has to be assumed
between 8 and 40 MPa for apparent densities between 0.1
and 0.8 g/cm. Taking the regression analysis of Knaub
(1981b) as a basis, the shear modulus is about 10}20%
lower in the transverse plane than in the axial plane.

behaviour of bone as a function of strain rate e (1/s) and
the apparent density o (g/cm) was quanti"ed by Carter
and Hayes (1976) using the formula

3.4. Poisson's ratio

4. Discussion

Concerning Poisson's ratio of cortical and cancellous
bone quite di!erent data are presented in the literature.
The cited values are between 0.2 and 0.5 (average: 0.3) for
cortical bone and between 0.01 and 0.35 (average: 0.12)
for cancellous bone depending on the prevailing study
(Knaub, 1981b; Reilly and Burstein, 1974; Ashman et al.,
1984/1988). No details have been given about any correlation to bone density.

Although over the last 25 years multiple investigations
were performed to determine the material properties of
the proximal femur, de"nitive statements about the real
in vivo behaviour of cortical and cancellous femoral bone
are still impossible. This is mainly due to restrictions in
ascertaining in vivo conditions in experimental work.
For constructing "nite element models of bony structures, the apparent density-dependent characterization of
material properties appears to be the most suitable way
to consider individual and local variations as well as the
dependence of bone on age. However, only for Young's
modulus and the compressive strength of cortical and
cancellous bone are su$cient apparent density-related

3.5. Viscoelasticity
Smith and Walmsley (1959) have already shown that
human bone behaves in a viscoelastic way. This material

p "68e o.

Here, p describes the ultimate compressive strength.

According to Carter and Hayes (1976), this mathematical
relation is applicable for cortical as well as for cancellous
bone. A distinction between the axial and the transverse
load directions is not available in the literature so far.
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Fig. 4. Compressive strength}apparent density relationship of cortical and cancellous femoral bone in the axial and transverse load directions. Out of
all studies only Lotz et al. (1991) reported about the compressive strength of cortical femoral bone in the axial and transverse load directions dependent
on apparent density. For cortical femoral bone the functional relations are approximated by p "72.4o  in the axial load direction, p "37o  in


the transverse load direction. For cancellous femoral bone the functional relations are approximated by p "40.8o  in the axial load direction,

p "21.4o  in the transverse load direction.


data available in the literature. No correlation with bone
density has been found for Poisson's ratio, the shear
modulus and the torsional and tensile strength. Therefore, further investigations will be necessary in the future
to give a comprehensive apparent density-dependent
characterization of the bony material.
For anisotropic FE-modelling, the determination of
bone material properties as a function of direction is the
essential requirement (Besdo and Handel, 1994). In the
literature, the mechanical behaviour of the bone has been
su$ciently characterized in the axial as well as the transverse load directions. However, it is not possible to de"ne
predominant orientations for cortical nor for cancellous
bone in the transverse plane. At least for the moment, this
problem could be ignored by assuming transverse isotropy (Reilly and Burstein, 1974,1975; Katz and Meunier,
1987).
In conclusion, the development of an anisotropic "nite
element model of the proximal femur seems to be feasible
on the basis of the present knowledge of bone material
properties although there are limitations as mentioned
above. Each "nite element might be characterized by its
apparent density (derived from QCT), its apparent density-dependent material properties (derived from this
meta-analysis) and the privileged directions of its orthotropic axes (derived from the spatial orientation of
trabeculae and the haversian osteons). Such a mathematical model has the potential to assist in the study of
clinical questions, for example for the optimized planning

of proximal femur osteotomies or for the evaluation of
di!erent types of total joint replacement systems.
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