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a b s t r a c t
Cortical bone is a compact tissue with anisotropic macroscopic mechanical properties determined by
a microstructure and the quality of a mineralised collagen matrix. Anisotropic elastic properties and
strength are usually measured on different groups of sample which can hardly be pooled; as a consequence little is known on the relationships between strength and elasticity in the different anatomical
directions. A method is presented to measure on a same cortical bone sample: (1) Young’s modulus and
strength ( max ) in the longitudinal direction; (2) stiffness (C11 ) in the transverse direction. Longitudinal
and transverse direction are taken along and perpendicular to the diaphysis axis, respectively. Ultrasonic
techniques yield Young’s modulus (Ea ) and C11 ; three-point bending tests yield Young’s modulus (E) and
 max . The relationships between strength, elasticity and density and their anatomical distributions were
investigated for 36 human femur samples. (i) A marginal negative correlation was obtained for Ea and
C11 (R = −0.21; p = 0.08); (ii)  max was signiﬁcantly correlated to E and Ea (R ∼ 0.5; p < 0.005) but not to
C11 (p > 0.2); (iii) density was not correlated with E and moderately with strength (R = 0.38; p < 0.3). Small
density variability (±30 kg m−3 ) may partly explain the results. The techniques presented are suited to a
systematic characterization of bone samples.
© 2009 IPEM. Published by Elsevier Ltd. All rights reserved.

1. Introduction
Density is often considered to be an important determinant of
bone mechanical properties. Empirical relationships have been proposed to derive cortical bone elasticity and strength based solely on
density [1] or, alternatively, mineral density [2,3] obtained from Xray computed tomography (CT). These relationships are commonly
used to model bone properties in biomechanics ﬁnite element (FE)
models [4–6]. In up to date FE models at the organ level, bone
tissue is isotropic, the Poisson’s ratio is assumed constant, and
strength and Young’s modulus are derived from CT-numbers. Model
prediction inaccuracies due to neglecting anisotropy are hard to
evaluate. Nevertheless Kober et al. [7] demonstrated that anisotropy
should be accounted for so as to predict a realistic behaviour of
the mandible. The correlation between strength in the longitudinal direction of bone (along the diaphysis axis) and elasticity in the
same direction is usually good [8,9], hence it may appear reasonable to derive both values from density data only. In contrast poor
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and non-signiﬁcant correlations between elastic coefﬁcients in the
longitudinal and transverse (perpendicular to the diaphysis axis)
directions have been reported [10,11]. These results point out the
possible limitations of the hypothesis of isotropy for cortical bone
tissue, which is used in particular in FE models. However, because it
is technically difﬁcult to assess bone properties, there is little data
to verify the hypothesis.
The anisotropic elasticity of bone cubes has been fully characterized with ultrasound [12,13]. However the strength is usually
measured with traction or three-point bending from long and thin
samples [14]. As a consequence anisotropic elasticity and strength
are usually assessed on different volumes of material. Unfortunately
data from different investigations can hardly be pooled due to the
important variability of bone properties.
The purpose of this work is to investigate the relationships
between elastic properties in two orthogonal directions (i.e.,
Young’s modulus in the longitudinal direction and stiffness C11 in
the transverse direction), strength, and density in femur cortical
bone assessed on the same group of samples. Assessment of elastic properties in two orthogonal directions as well as strength in
one direction for each sample was possible thanks to a combination of mechanical and ultrasonic measurements (US). An ancillary
objective of the work was the comparison between ultrasonic
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ration and in between tests, samples were kept frozen at −20 ◦ C.
Sample dimensions and mass were measured with a digital calliper
(precision 0.01 mm) and a balance (AG245, Coubart SARL, France,
precision 5 × 10−5 g), respectively. Apparent density  was calculated as the ratio of mass to volume.
Forty-four pairs of adjacent samples were split evenly in groups
A and B. Group A was subjected to US and mechanical measurements but Group B could only be subjected to US measurements
because it was required for another study. Results are presented
for Group Ac = Group A + Group B (ultrasound data) and Group
AcMech = Group A (ultrasound and mechanical measurements).
2.2. Ultrasonic measurements in the longitudinal direction

Fig. 1. Schematic representation of 2 plate-like samples (approximate dimensions
50 mm × 5 mm × 2 mm) cut along the diaphysis.

and mechanical assessment of elasticity. The data presented in
the paper illustrates the ability of coupled ultrasound–mechanical
measurements to contribute to a better documentation of bone
mechanical properties. Others, providing a minimum competency
in ultrasound and mechanical testing, can set such measurements
in practice.
2. Methods
2.1. Sample preparation
Samples were obtained from four femurs removed during multiorgan collection, which complied with the requirements of the
French Transplant Administration. Femurs were from three donors:
two women (23 years, femur I; 28 years, femur II), and one man (63
years, femurs III and IV). Four cylindrical parts of 5 cm each, labelled
from P1 (proximal) to P4 (distal) were cut in the mid-diaphysis
of each femur. Eighty-eight plate-like samples, with dimensions
approximately 50 mm × 5 mm × 2 mm were cut from the anterior
(A), lateral (L), posterior (P), and medial (M) sectors of parts P1–4
as pairs of adjacent pieces. See Fig. 1 for sample orientation and
deﬁnition of the reference frame.
Cuts were done under continuous irrigation with a linear saw
(ISOMET 4000, Buehler SARL, Dardilly, FRANCE). Prior to the prepa-

Fresh samples were brought to room temperature and placed
between two 60 kHz ultrasound plane transducers (17 mm diameter, Physical Acoustic Group, R6, USA) as shown in Fig. 2(a), and
roughly at the centre of the transducers’ surfaces. An echographic
gel (Drexco Medical, Crosne, France) ensured acoustic coupling. One
piezoelectric element was excited with a pulser (Panametrics 5052
PR, Waltham, MA, USA) and the other one was connected to an
oscilloscope (Tektronix TDS 1012, Beaverton, OR, USA, sampling
rate 1 GHz). The time at which the electrical pulse was initiated
served as a reference to calculate time of ﬂights (TOF). An iterative
method was developed to retrieve the onset of the signal transmitted through the specimen. First, the earliest time  1 at which
the signal crossed a ﬁxed threshold (ﬁve standard deviations of
noise) was determined. Then, for each iteration, the intersection
 n+1 between a linear ﬁt of the 3 s-portion of signal before  n and
a linear ﬁt of a 1 s-portion of signal after  n was determined. The
procedure was found to converge for n < 10 for all signals; ﬁnally the
TOF was deﬁned to be  10 , see Fig. 2(b). Finally, the velocity Vl in
the longitudinal direction (x3 ) of the sample was calculated as the
ratio of sample length to TOF. The validity of this signal processing
method was assessed by measuring two Perspex® samples differing
only by their length. The velocity obtained as the ratio between the
differences in length and TOF, which is free of any bias arising from
the determination of the signal initiation or arrival times, differed
by less than 1% from the velocities retrieved from a single measurement. The latter difference being less than the intrinsic precision of
the method (see below) it was concluded that the signal processing
was appropriate to retrieve the wave TOF.
The apparent elastic modulus was deﬁned as Ea =  × Vl2 , where
the subscript ‘a’ (“acoustics”) is used to distinguish this modulus from the Young’s modulus measured with the mechanical
method (Section 2.4). In the limiting case where the wavelength

Fig. 2. (a) Schematic representation of the 60 kHz ultrasonic measurement; (b) signal at the transducer receiver; the vertical line indicates the arrival time determined by
the signal processing method. Acoustical Young’s modulus is obtained as Ea =  × Vl2 , where Vl is the velocity of propagation between the two transducers.
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Fig. 3. (a) Schematic representation of the echo-mode setup (20 MHz). The bulk wave velocity Vt measured in double transmission is used to derive the stiffness coefﬁcient
C11 according to C11 =  × Vt2 . (b) 3D representation of the sample and the dots showing the line along which the sample is scanned (90 measurement points).

is much larger (several orders of magnitude) than the characteristic dimension of the sample’s cross-section, the wave is expected to
propagate according to the bar mode [15] and the apparent modulus
in that case is identical to the actual Young’s modulus.
2.3. Through thickness ultrasound measurements
Samples were brought to room temperature and placed in a tank
ﬁlled with water as shown in Fig. 3. A 20 MHz focused transducer
(Panametrics, Waltham, MA, USA; focal length: 20 mm; −6 dB beam
diameter at focus: 460 m) operating in the transmit receiver mode
was placed in a mechanical support connected to micrometric stepping motors allowing translations in 3D. Samples were oriented
perpendicularly to the US beam axis (x1 ) using a mechanical tilt
stage. The beam centre was placed approximately at half the sample width. A pulser-receiver (Panametrics 5900 PR, Waltham, MA,
USA) delivered the excitation voltage. Echoes reﬂected by the sample were ampliﬁed by the receiver electronics and digitized at a
sampling frequency of 1 GHz by a PCI card (Acquiris DP240, Geneva,
Switzerland). Radio frequency (RF, Fig. 4) signals were recorded at
90 points uniformly distributed along the length (Fig. 3(b)). The ﬁrst

Fig. 4. One typical radio frequency (RF) signal in echo-mode through the sample’s
thickness (20 MHz). The large pulse corresponds to the ﬁrst echo on the bone surface
and the oscillations that follow are due to scattering.

echo observed at about 15 s corresponds to the reﬂection on the
top bone surface. The echo signal due to the reﬂection on the bottom
surface is highly attenuated and interferes with signals scattered by
heterogeneities in the thickness. However, summing the 90 RF signals acquired along a scan line averages out the scattering noise
and allows the detection of the bottom echo (see Fig. 5). Since the
ultrasound beam diameter and wavelength are much smaller than
the sample dimensions bulk wave propagation is observed here,
as opposed to the bar wave propagation described in the previous
section. The echoes’ TOF were determined as the time points corresponding to the maxima of the cross-correlation of the signal with
a reference signal. The average bulk wave velocity Vt in direction x1
was then obtained as the ratio of the average thickness to the difference in TOF. The average stiffness coefﬁcient C11 of the sample in
the transverse direction is then obtained according to C11 =  × Vt2
[15].
2.4. Mechanical test
Samples of Group A were subjected to three-point bending tests
on a mechanical testing machine (INSTRON 5500-R, Instron Corp.,

Fig. 5. After averaging the individual RF signals acquired along the scan line, the
echoes from the two bone surfaces are clearly identiﬁed. The signs ‘*’ indicate the
TOF as given by the cross-correlation method.
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Norwood, MA, USA). They were brought to room temperature and
hydrated in a physiological solution at least 1 h before the measurements. Samples were placed on the testing machine for bending in
the (x1 ,x3 )-plane. Before mechanical testing, a 1-Newton loading
was applied to ensure appropriate contact. Force and displacement
were recorded until failure (speed: 6 mm/min). The span to thickness ratio of the samples (25:1) ensured a good estimation of the
Young’s modulus E and the breaking stress  max in direction x3
based on beam theory [14].
2.5. Validation of the measurement methods
Three Perspex® (3 mm × 5 mm × 50 mm) and three aluminium
(2 mm × 5 mm × 50 mm) samples were used for the validation of
the technique. Their elasticity was assessed with the three methods
and compared to tabulated values. The reproducibility of the ultrasound set-ups were assessed using one Perspex® sample which was
taken out of the set-up, repositioned and measured 20 times.
2.6. Statistics
Data were analysed using the statistical software NCSS 2000
(NCSS, Kaysville, UT, USA). The normality hypothesis could
not be rejected for the distribution of any variable when the
data on all the samples were pooled. Two-sample T-tests was
used to determine whether Groups A and B were equivalent.
Femur effect (between-sample variability) and anatomical effects
(within-sample variability in the longitudinal and circumferential
directions) on measured parameters were determined by oneway and two-way analysis of variance (ANOVA) followed by post
hoc multiple comparison Tukey–Kramer tests. Correlation coefﬁcients and corresponding conﬁdence intervals where calculated
with Matlab® Statistics Toolbox (The Mathworks Inc., Natick, MA,
USA). The level of signiﬁcance was taken at p < 0.05, unless otherwise stated.
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3. Results
3.1. Validation of the measurement methods
The average Young’s moduli measured with three-point bending were E = 3.45 GPa and E = 72 GPa for Perspex® and aluminium
samples, respectively, which falls within the range of tabulated values 1.6–3.4 GPa and 69–79 GPa [16]. The accuracy was estimated
to 3.6% for E and 1.8%  max based on the accuracy of the load and
displacement cells.
The average acoustic Young’s moduli measured with 60 kHz
ultrasound were Ea = 7 GPa and Ea = 87 GPa for Perspex® and aluminium, respectively, which values are above the actual mechanical
moduli. This result is consistent with the observations of Ashman
et al. [13] and indicates that the cross-sectional dimensions of the
samples are not small enough compared to the wavelength and
accordingly a pure bar mode could not be observed. Hence for cortical bone it is expected that Ea be slightly larger than the actual
(mechanical) Young’s modulus because the wavelength in bone
at 60 kHz is about 60 mm, compared to 45 mm and 110 mm in
Perspex® and aluminium, respectively. The uncertainty was about
3% for Vl . Given an estimated uncertainty of 0.36% on the density,
the resulting precision for Ea was about 6.2%.
The bulk wave velocities measured with the 20 MHz ultrasound
set-up were 2737 ms−1 and 6677 ms−1 in average for Perspex® and
aluminium samples, respectively. This values compare well with
typical tabulated values of 2730 ms−1 [17] and 6420 ms−1 [18]. The
estimated reproducibility for C11 was 0.86%, which was essentially
due to the uncertainties in thickness measurements. It was concluded that the method assessed with precision the stiffness in the
probing direction.
3.2. Presentation of measurement results
Sixty-eight samples (36 in Group A; 32 in Group B) were included
in the analysis after 19 were eliminated due to sample misalignment

Table 1
Mean values (standard deviation) of measured quantities.

Acoustic Group (Ac) 68 samples
Acoustic and Mechanics Group (AcMech) 36 samples

Vl (m s−1 )

Vt (m s−1 )

Ea (GPa)

C11 (GPa)

 (kg m−3 )

E (GPa)

 max (MPa)

3378 (82)
3372 (67)

3570 (86)
3568 (86)

22.1 (1,1)
22.1 (0.9)

24.7 (1.3)
24.7 (1.3)

1937 (30)
1939 (30)

17.3 (1.3)

195.3 (20.3)

Table 2
Correlation coefﬁcients between measured quantities. The number of samples (n) in each group is indicated. Conﬁdence intervals (95%) are estimated
with the bootstrap technique with n = 10,000 bootstrap data samples.
Ea

C11

E

 max

Ea
p
n
C11
p
n

−0.21* (−0.40 −0.02)
0.0812
68

E
p
n

0.63*** (0.37 0.79)
3× 10−5
36

−0.14
0.39
36

 max
p
n

0.49*** (0.20 0.70)
0.0023
36

0.20
0.2416
36


p
n

0.53*** (0.20 0.75)
9 × 10−4
36
0.26
0.13
36

*
**
***

p < 0.1.
p < 0.05.
p < 0.01.

0.38** (0.01 0.70)
0.0221
36
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Fig. 6. Mechanical Young’s modulus (E) vs. US modulus (Ea ).

or presence of air bubbles in the wave path, and 1 due to a mistake
in measuring density. Samples in Groups A and B were not signiﬁcantly different regarding density and US measurements. Mean
values and standard deviation of measured quantities are reported
in Table 1.
This paragraph presents the correlations between the different quantities measured. Pearson correlation coefﬁcients (R) are
reported in Table 2. Presentation of the correlations for elastic
coefﬁcients was preferred over velocities for the sake of clarity,
although the two elastic coefﬁcients are calculated from velocities using the same density value for each sample. Mechanically
measured (E) vs. acoustically measured (Ea ) Young’s moduli are
given in Fig. 6. They were signiﬁcantly correlated (R = 0.63, p < 10−4 ).
Acoustically measured elasticity in the longitudinal (Ea ) and transverse (C11 ) directions showed a negative and marginal (R = −0.21;
p = 0.0812) correlation, and C11 was not correlated with the mechanical modulus E (p > 0.3). Strength in the longitudinal direction ( max )
vs. elasticity in the same direction (Ea and E) is shown in Fig. 7;
 max was signiﬁcantly correlated to Ea (R = 0.49; p < 0.003) and to

Fig. 7. Longitudinal elastic moduli (Ea and E) vs. maximal stress ( max ). Moduli Ea
and E are reported on the x-axis as quantities normalized with respect to the mean
value of each data set: Ea /Ea  and E/Ea , where 䊉 denotes the mean value of a set.

E (R = 0.53; p < 10−3 ). However elasticity in the transverse direction
(C11 ) was not correlated to strength in the longitudinal direction
( max ). Density was signiﬁcantly correlated with  max (R = 0.38;
p < 0.03) but not to E (p > 0.1).
The four groups of samples from parts P1–4 of the diaphysis
contained 5, 14, 14 and 3 samples, respectively, for AcMech and
8, 27, 25, and 8 samples, respectively, for Ac. Only Ea had signiﬁcant variations along the diaphysis (F = 5.11, p = 0.0031): the mean
value of Ea for P2 (21.5 ± 1.0 GPa) was smaller than for parts P3
(22.4 ± 0.9 GPa) and P4 (22.6 ± 0.7 GPa). Other quantities did not
vary along the femur length. Box plots of the ﬁve measured quantities grouped per anatomical quadrants, anterior (A), medial (M),
lateral (L), and posterior (P) are shown in Fig. 8. The groups for A, M,
L, and P contained 6, 11, 12, and 7 samples, respectively, for AcMech
and 11, 21, 21 and 15 samples, respectively, for Ac. Signiﬁcant
variations were found around the circumference for C11 (F = 7.93,
p = 10−4 ), Ea (F = 5.62, p = 1.7 × 10−3 ) and E (F = 4.14, p = 0.014). Values of C11 for M were signiﬁcantly higher than for A and L. Values
of Ea for A were signiﬁcantly higher than for P and M. Values of E
for A were signiﬁcantly higher than for L and M. Other measured
quantities did not vary signiﬁcantly with the anatomical quadrant.
Fig. 9 gives a graphical representation of the distribution of the
properties.
The femurs were signiﬁcantly different regarding  and  max
(F = 5.84, p = 0.0014; F = 3.42, p = 0.028, respectively): the mean density of femur III (1922 ± 32 kg m−3 ) was signiﬁcantly less than that
of femurs II and IV (1953 ± 19 and 1958 ± 15 kg m−3 , respectively).
The mean maximum stress for femur II was signiﬁcantly above that
of femur IV (209 ± 16 and 185 ± 20 MPa, respectively).
4. Discussion
The Young’s modulus E measured with three-point bending
was systematically lower than its ultrasonic counterpart Ea . The
higher values of Ea are in part due to the fact that the wavelength
is not large enough compared to sample’s transverse dimension.
A number of factors such as temperature and viscoelasticity may
also have affected the values. Nevertheless both the values of Ea
and E are consistent with values usually reported in the literature: the mean value E = 17.3 GPa compares well with E = 16.6 GPa
and E = 18.6 GPa determined with mechanical methods by Dong
and Guo [11] and Cuppone et al. [19], respectively. The modulus Ea = 22.1 GPa compares favourably with moduli measured with
ultrasound by others: Ea = 20 GPa [13] (2.25 MHz), Ea = 22.2 GPa
[20] (2.25 MHz) and Ea = 19.9 GPa [21] (50 kHz), where the central frequency of the transducer is given between parenthesis. The
mean value C11 = 24.6 GPa (20 MHz) in the present study compares
favourably to C11 = 24.7 GPa [20] (2.25 MHz) and C11 = 23.4 GPa [22]
(5 MHz). This suggests that the high frequency used in this project
(20 MHz) does not have a major effect on the measured bulk wave
velocity in the range of frequencies considered (1–20 MHz).
The correlation coefﬁcient found between E and Ea (R = 0.63) is
higher than that reported by Ashman et al. [13] (R = 0.53) based
on samples with moduli which had a slightly higher variability
(14–23 GPa) compared to the present study (14–20 GPa). (The later
reference is, as far as we know, the only work that confronts ultrasonic and mechanical measurement of the elasticity of cortical
bone.) The outcome of a stochastic simulation reported in the
appendix revealed that the lack of correlation between E and Ea
may be entirely explained by the measurement uncertainties. Note
that the uncertainty on Ea is intrinsic to the measurement method
because the wave time arrival determination is sensitive to the rate
of variation of signal slope and the low frequency signal used here
varies slowly. The use of a higher frequency would have resulted
in excessive signal to noise ratio due to attenuation. Despite the
uncertainty on Ea , the technique appears to be appropriate for bone
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Fig. 8. Box plots of the measured quantities with respect to anatomical quadrants. Box plots give the median value, the interquartile range (IQR: interval between the 25th
and 75th percentile, grey area) and the extremum values (T-shaped dark lines). Outliers are indicated with a circle.

characterization because small natural elasticity variations with
anatomical position could be probed.
Different authors found low positive [10] or non-signiﬁcant [11]
correlations between elasticity in longitudinal and transverse directions. In the present work a marginal negative correlation was
obtained. Interestingly the two-way ANOVA revealed that the negative correlation between Ea and C11 is signiﬁcant (p = 0.014) after
adjusting for density. We propose two interpretations for these
observations: (1) at ﬁxed density, different microscopic organi-

zations at the lamellar levels are possible, resulting in different
macroscopic properties. Typically, ﬁber-reinforced composite samples with a same volume fraction of ﬁbres but differing in average
ﬁbres orientations exhibit a negative correlation between elasticity
in the longitudinal and transverse directions (the more ﬁbres are in
one direction, the less are in the other); (2) the directions of cutting
during sample preparation were determined relative to the orientation of the medullar cavity. There is an uncertainty on the alignment
of the longitudinal axis of the samples with the local natural frame

Fig. 9. Variations of measured quantities along the femur length and across quadrants. P1–4 correspond to the four parts of femur cut along the diaphysis (proximal to distal).
Only E, Cu and Ea which showed signiﬁcant variation are represented. For Cu and E which only varied signiﬁcantly across quadrants, the mean values along the femur length
are indicated in P1. Elastic coefﬁcients are in GPa. The number of samples considered in each group for the calculations is given in parenthesis.
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of the transversely isotropic bone material. If the material tensor
of bone is rotated relative to the measurement frame, the apparent
properties in one direction will decrease as the other increase [23].
Finally, note that relatively high correlations between elasticity in
the longitudinal and transverse directions of equine bone have also
been reported [24]; the latter ﬁnding seems related to group of samples with a large variability in elasticity values. It should be noted
that precise orientation of the samples in the transverse plane was
not referenced during sample preparation. However, this is not considered to be a limitation as human bone is approximately isotropic
in the transverse plane (see, e.g., experimental results in references
[12,21,25] and theoretical considerations for hexagonal symmetry
by Yoon and Katz [26]). Furthermore, Espinoza Orías [27] evidenced
the transverse isotropic behaviour almost along the entire diaphysis of human femur; they found a moderate orthotropic behaviour
close to the femur ends. In particular, samples cut with different
orientations in the transverse plane, but at the same anatomical
position, are expected to have the same elasticity values.
Note that due to the different types of wave propagation (bar
wave and bulk wave) considered (respectively, in longitudinal
and transverse directions), two different types of elastic constants (respectively, Young’s modulus and stiffness coefﬁcient)
were assessed. As a consequence, it is not possible to provide a
numerical value for the “usual” anisotropy ratio, i.e., the ratio of
two Young’s moduli, or alternatively, the ratio of two stiffness coefﬁcients, measured in orthogonal directions.
The main focus of the project was the relationships between
anisotropic elasticity and strength  max . No correlation was found
between C11 and  max (p > 0.2). Assuming that C11 and strength in
the transverse direction are related (a relatively strong positive correlation may be expected), our result suggests that strength in the
longitudinal and transverse directions may be poorly correlated in
some situations. However there is no direct experimental evidence
to support this.
Density is most often considered to be the main determinant
of bone mechanical properties. Our results indicate low or nonsigniﬁcant correlations of density with elasticity and strength; the
higher correlation found was between  and  max (R = 0.38; p < 0.3).
These results may be explained by the fact that compared to many
published works the density of the samples investigated was in a
narrow range (standard deviation is 30 kg m−3 ). For instance, Currey [8] observed a strong correlation between bending strength and
Young’s modulus (R = 0.94) using a large data set including bones
from 32 animal species that allowed a large range in Young’s modulus and density.
Despite the small range of density values, some variations of
the mechanical properties were observed. In particular signiﬁcant
variations of elasticity were found between different anatomical
quadrants while no signiﬁcant difference in density could be found
(Fig. 8). The signiﬁcant variations of Ea along the diaphysis reported
here may be in contradiction with some published data [3,13,19,21]
but is consistent with the report of Bensamoun et al. [28] that
bulk wave velocity has signiﬁcant variations along the diaphysis.
These variations may be related to the physiological heterogeneous
distribution of in vivo strains along the bone diaphysis [29]. The
results illustrated in Fig. 8 are consistent with several publications
[13,21,27,28] which reported that the elasticity in the longitudinal
direction was lower in the posterior quadrant. This result is usually related to the large porosity in the posterior quadrant [30]. The
ﬁnding that C11 is higher in the medial sector has not been reported
elsewhere, as far as we know, but is consistent with the trend of the
data presented by Espinoza Orías [27].
The results presented in this paper put forward the limitation of
using a single quantity, namely density, to account for the mechanical properties of cortical bone in different directions and at various
anatomical locations. It is clear from the results that bone samples

with similar density may differ signiﬁcantly in mechanical properties. The fact that femur II and IV had very similar average density
(1953 ± 19 and 1958 ± 15 kg m−3 , respectively) but signiﬁcantly
differed in average maximum stress (209 ± 16 and 185 ± 20 MPa,
respectively), is another manifestation of the aforementioned limitation. The limited practical use of density–mechanical properties
relationships possibly arises of the competition between density
and microstructural organisation. Generally speaking, the distribution of the mineralised ﬁbers lead to a negative correlation between
elasticity in the transverse and longitudinal directions that plays
against the amount of matter, which induces a positive correlation (as density increases, elasticity in both direction is expected to
increase). In the present investigation where the range of density
of the bone samples is narrow it is likely that the microstructural
organisation is an important determinant of the measured properties.
5. Conclusion
In the present work, a rich dataset of mechanical properties was
obtained with an original multimodal technique that allows for
a routine and non-destructive assessment of ultrasonic velocities
on plate-like samples with large aspect ratio such as required for
three-point bending tests. The technique was originally developed
to assess the quality of bone grafts subjected to different sterilization procedures. In this context the method was used routinely to
perform in a short time a large number of measurements.
In the present investigation low or non-signiﬁcant correlations
between density and elasticity or strength were found. Elasticity
was found to vary with anatomical location while density did not. In
addition a small negative correlation was found between elasticity
in the longitudinal and transverse directions. These results suggest
that isotropic bone tissue models derived from density are unable
to account for the variability of elasticity when the density range
is narrow (typically ±30 kg m−3 ). It was suggested recently that
such limitations may be taken into account by modelling the uncertainties on bone properties by using stochastic methods [5,31,32].
Finally, note that our results are not in contradiction with the fact
that rather high correlations between density and mechanical properties are obtained in case of large density variability.
The ﬁndings of the present work should be balanced by the fact
that only four femurs from three donors were used. The conclusions
cannot be generalized straightforward to other bones (radius, tibia,
etc.) nor to osteoporotic bones.
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Appendix A.
We formulated and tested the hypothesis that the outcome of
the correlation between E and Ea was essentially affected by the
limited precision of the measurement techniques. Numerical simulations were run on initially perfectly correlated sets of variables
(R2 = 1, RMSE = 0), with controlled random errors mimicking the
experimental uncertainties. The simulation used a synthetic set
of 36 data E0 generated as E0 = 20 + N(0;1.2), where N(a;b) is the
normal distribution with mean value a and standard deviation b.
The values of the standard deviations 1.2 GPa used in the model
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correspond to the variability found in the present study for either
E or Ea (see Table 1). The mechanical modulus E was modeled as
Em = E0 + N(0;0.6) and the US modulus Ea as Eam = E0 + N(0; 1.3); in
these equations we used standard deviations calculated based on
the estimated uncertainties for E and Ea . The correlation coefﬁcient
was then computed for 10,000 realizations of the synthetic data set.
The 95% conﬁdence interval for R was found to be [0.36 0.78]. Since
R = 0.63 falls within this interval, it was concluded that the measurement uncertainties may explain entirely the lack of correlation
between E and Ea .
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