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Abstract. Correlational models between mechanical and physico-chemical
properties are of interest for bone modeling and numerical simulations of bone
growth and remodeling. Therefore, the aim of this work was to determine if it is
possible to correlate mechanical and physic-chemical properties of cortical bone.
Micro-mechanical and physico-chemical data were assessed in a rat cortical

bone life-span model including samples aged of 1, 4, 9, 12, 18 and 24 months
old. Time-dependent mechanical properties at the micro scale including elas-
ticity, viscous properties and hardness were determined using nanoindentation
tests. Meanwhile, physico-chemical properties include tissue micro-porosity,
mineral, phosphates, carbonates and collagen content were determined using
specific techniques for each property. Then, both properties were correlated and
the highest matched were used to propose correlational models using
multivariable-linear regressions.
These initial results show good determinant and correlation coefficients in

high agreement with the experimental data. These results could provide new
evidences of how physico-chemical properties affect the mechanical response of
bone material.
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1 Introduction

Ageing is a natural process inducing variation of bone properties and is widely inves-
tigated in literature [1–7]. However, assessments on human bone models are rarely
reported mostly due to ethical issues. Therefore, animal models such as rabbit or rat
models are commonly used to investigate bone structural, mechanical and physico-
chemical variations. Most of those studies include the effects of diseases, dietary con-
ditions or single physical activity [8–10]. Rat and rabbit models are useful in such
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investigations thanks to the availability of young specimens (with only a few days of
birth) and to the possibility to include the complete life span from growth to senescence.

Mechanical properties at the micro-scale are commonly assessed using nanoin-
dentation. Mazeran et al. [11] proposed a new four stages protocol (load-hold-unload-
hold) combined with a time-dependent mechanical model allowing the calculation of
the elastic, viscoelastic, plastic and viscoplastic properties from a single nanoinden-
tation test. This method has been successfully tested on polymers [11] and cortical bone
[12, 13].

In order to describe the evolution of the structural and physic-chemical properties
through ageing, it is necessary to perform measurements i.e. tissue micro-porosity,
mineral, phosphates, carbonates and collagen content over a longer period (from birth
to death). For this aim, a previous study performed in our laboratory by Vanleene et al.
[14, 15] provides the data of the micro structural and physico-chemical properties.

To have a better understanding of how mechanical and physico-chemical properties
are related and how they can affect each other, different correlations can be performed.
In this work, linear regressions between physico-chemical properties and mechanical
properties are quantified allowing the construction of correlational models for the
evolution of mechanical properties due to bone ageing from growth to senescence.

2 Materials and Methods

2.1 Bone Samples

Femoral cortical bones of male rats RJHan:WI Wistar covering ages from growth to
senescence (ages 1, 4, 9, 12, 18, 24 months old) were used. All the samples were cut
transversely at the proximal and distal end of the femoral diaphysis. It is important to
highlight that each bone sample coming from different specimens. Physico-chemical
and mechanical properties were assessed at different moments of this study. Thus, two
different samples size per age was used for each assessment. The first group of six
samples per age was used for physico-chemical analyses. Meanwhile a second group of
five samples per age was used to determine mechanical properties.

2.2 Mechanical Properties

Mechanical properties were assessed using nanoindentation tests. The time-dependent
mechanical properties have been computed according to the model proposed by
Mazeran et al. [11]. This model composed of different mechanical elements (spring for
elasticitic modulus (Eelast)), two Kelvin-Voigt elements for viscoelasticity (Eve1 and
Eve2; ηve1 and ηve2), slider for plasticity-hardness (H) and dashpot for viscoplasticity
(ηvp)) is used to fit the experimental indentation depth versus time curves. All these
elements have a quadratic response (square root of the load proportional to displace-
ment and/or displacement velocity). Then the experimental nanoindentation curves
have been correctly fitted by the mechanical model.
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2.3 Physico-Chemical Properties

Physical and chemical characteristics were measured using different methods that are
described here below.

ESEM Images and Micro-Porosities
Micro porosities were analyzed from complete images of proximal cross sections of
femurs which were first reconstructed from about 10 partial images (pixel resolution:
2 µm) using an ESEM (Environmental Scanning Electron Microscope) (Philips XL30
ESEM-FEG, Royal Philips Electronics, the Netherlands). Then, ESEM images were
analyzed using QWinStandard image analysis software V2.7 (Leica Microsystems
Imaging Solution Ltd., UK). Percentage of micro porosity (% porosity) was calculated
from the total pore area, including canals and lacunae, divided by the total cross
sectional area.

Fourier Transformed InfraRed (FTIR)
Spectroscopy analyses were performed on six samples per age group (1760- X FTIR
Spectrometer, PerkinElmer Inc., MA, USA). The spectra were curve-fitted in the m4
PO4, m2 CO3 and collagen amide band domains (Galactic GRAMS software, NH,
USA).

Chemical Test for Carbonates and Nitrogen
Two chemical analyses were performed on samples. Carbonates weight percentage
(CO3W%) was measured on six samples per age group using a CO2 Coulometer
(Coulometrics Inc., Co, USA). Protein nitrogen weight content was analyzed on three
samples per age group using an Elemental Analyzer EA 1110 CHNS (Thermo Fisher
Scientific Inc., MA, USA).

X-ray Diffraction
As previous analyses consumed most of sample powder, specimens were pooled in
each age group. X-ray diffraction was recorded with a X-ray diffractometer (Inel CPS
120, Enraf Nonius SA, France) using Co radiation (X-ray wave length = 1789 Å). Two
peaks at 30° and 45° (2h) were identified respectively as [002] (c-axis of apatite lattice)
and [310] diffraction planes of the apatite crystals.

2.4 Correlational Models

The correlation and the determination coefficients were computed for both mechanical
and physico-chemical properties using the statistical analysis and graphics software
SYSTAT version 2012 (SYSTAT Software Inc.). Multivariable regressions were
computed in the non-normalized experimental data. These regressions were carried out
using the physico-chemical properties with high correlation coefficients and could fit
very well the mechanical response. In the present study, all physico-chemical variables
were considered as independent even if they are strongly correlated. They are different
only when multicollinearity is detected.

Is It Possible to Correlate Age Related Time-Dependent Micro Mechanical Properties 347



These regressions were performed to obtain the best fit of the experimental data and
to assess the relevance of each physico-chemical property to increase or decrease the
mean value of the mechanical response. The Eq. 1 represents the model used for these
regressions:

Mproperty ¼ Constant � 1þA� XProperty þB� Yproperty. . .::
� � ð1Þ

Where, M is the mechanical property, A, B, are coefficients and X, Y are the higher
correlated physico-chemical properties and the sign positive or negative indicates their
effect in the mechanical response.

The model considers linear relationships between the different physico-chemical
properties and the different mechanical properties. This simple model is sufficient to
generate very good correlation between most of the mechanical properties.

3 Results and Discussion

3.1 Time-Dependent Mechanical Properties

The mean values and standard deviation of the mechanical properties are summarized
in Table 1.

3.2 Physico-Chemical Properties

The values of the micro structural and physico-chemical properties are summarized in
Table 2. They were reported for a similar set of samples by Vanleene et al. [14, 15].

Table 1. Values of the mechanical properties computed from the nanoindentation experiments
in the longitudinal direction of the rat femoral cortical bone [12] (Copyright© Reprinted with
permission). Mean ± standard deviation

Age
(Months)

Eelast

(GPa)
Eve1

(GPa)
ηve1 � 102

(GPa.s)
Eve2

(GPa)
ηve2 � 103

(GPa.s)
H
(GPa)

ηvp
(GPa.s)

1 26.4 ± 3.4 43.2 ± 6.1 17.6 ± 3.3 79.0 ± 12.3 48.0 ± 9.9 0.70 ± 0.09 250.9 ± 28.8

4 40.7 ± 6.7 57.6 ± 16.9 19.3 ± 4.6 114.8 ± 15.8 64.0 ± 13.6 0.93 ± 0.06 334.6 ± 27.9

9 35.9 ± 3.8 75.6 ± 17.7 28.3 ± 8.2 140.1 ± 23.0 73.6 ± 12.1 0.97 ± 0.10 364.3 ± 43.0

12 39.8 ± 6.3 78.2 ± 18.4 23.6 ± 9.6 150.1 ± 25.9 57.4 ± 13.5 1.04 ± 0.12 357.6 ± 45.5

18 38.4 ± 6.8 75.1 ± 19.1 28.2 ± 8.4 150.4 ± 25.9 71,5 ± 15.1 1.06 ± 0.10 381.6 ± 35.8

24 34.6 ± 4.6 71.4 ± 15.4 22.6 ± 9.6 146.0 ± 18.6 68.6 ± 18.2 1.13 ± 0.09 408.5 ± 43.1
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3.3 Correlations Between the Mechanical and Physico-Chemical
Properties

Mechanical properties obtained by nanoindentation tests were correlated with
microstructural and physico-chemical properties. The correlational coefficients (R) are
presented in Table 3.

3.4 Correlational Models

The correlational models were computed using the multivariable linear regressions
method and the highest coefficients calculated in Sect. 3.3. Then, each equation was
compared and analyzed to its corresponding experimental mechanical property. The
equations proposed for each mechanical property are described hereafter.

Elastic Response
The equation that relies the elastic modulus to the structural and physico-chemical
properties obtained from the multivariable regression is:

Table 2. Variation of the physico-chemical properties of Wistar rat femoral cortical bone with
age

Age
(Months)

Porosity% CO3W% PO4% Ca% N% Collagen%

1 8.1 4.1 20.7 42.2 4 21.4
4 3.1 4.9 18.2 39.2 3.6 19
9 3.3 6.1 17.9 39.4 3.3 17.6
12 2.6 6.1 18 39.7 3.3 18.3
18 3.6 6 18 39.3 3.3 17.8
24 4 6 18 39.3 3.3 17.4

Table 3. Simple correlation coefficient R for the mechanical and physicochemical properties of
rat bone

Mechanical properties Porosity% CO3W% PO4% Ca% N% Collagen%

Eelast −0.949 0.608 −0.867 −0.878 −0.703 −0.673
Eve1 −0.828 0.992 −0.885 −0.780 −0.981 −0.919
ηve1 −0.576 0.842 −0.682 −0.597 −0.810 −0.778
Eve2 −0.842 0.981 −0.914 −0.837 −0.991 −0.948
ηve2 −0.679 0.744 −0.822 −0.844 −0.794 −0.884
H −0.799 0.900 −0.899 −0.864 −0.937 −0.940
ηvp −0.781 0.903 −0.908 −0.886 −0.942 −0.974
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Eelast ¼ 73:7� 1þ 0:109� PO4%ð Þ � 0:06� Porosityð Þ � 0:0571� Ca%ð Þð Þ

R2 ¼ 0:971 ð2Þ

The values obtained from the experimental data and by means of the correlational
equation are presented in Fig. 1.

Elastic modulus reacts positively to the increase of phosphate, more precisely, a
decrease of the phosphate composition during the life-span leads to decrease of the
elastic modulus (of about 30%) but negatively to the increase of porosity (values vary
by about 33%), and calcium (variation of about 17%). According to Vanleene et al.
[15] porosity decrease with age and affects the elastic response of bone. In addition,
excess of calcium is associated with bone pathologies [16] and could decrease the
stiffness of bones.

Globally, porosity affects the elastic response of bone but not the properties linked
to permanent deformation and viscosity. The porosity measured in this study is not the
genuine microporisity but an apparent one. This fact could explain why R value for the
elastic response is lower than values of other correlations. However, the results
obtained here are in good agreement with previous works which have reported a strong
relationship between this structural characteristics and the elastic response of bone [15,
17, 18].

Viscoelasticity
For the elastic component of the two viscoelasticities, the following equations were
calculated:

Fig. 1. Values show the elastic modulus from the experimental data “♦” and the correlational
model “•” computed as a function of bone porosity, phosphate and calcium content with
R2 = 0.971.
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Eve1 ¼ 110� 1� 0:5� N%ð Þþ 0:0661� CO3W%ð Þþ 0:0524� Collagen%ð Þð Þ

R2 ¼ 0:997 ð3Þ
Eve2 ¼ 1278� 1� 0:31 � N%ð Þ � 0:0471� CO3W%ð Þþ 0:0148� PO4%ð Þþ 0:00876 � Collagen%ð Þð Þ

R2 ¼ 0:999 ð4Þ

The values obtained from the experimental data and by means of the correlational
equations are presented in Fig. 2.

These results suggest that physico-chemical properties have not the same effects in
the two elastic components. According to the correlational equation, the elastic com-
ponent Eve1 reacts positively to the increase of carbonates (variation about 13%) and
collagen (21%) but negatively to the increase of nitrogen (35%). Meanwhile the second
elastic component reacts positively to the increase phosphate (variation close to 4%)
and collagen (about 4%) but it is affected by the increase of nitrogen (22%) and
carbonates (10%). Taking into account the information proposed by the correlational
equations, nitrogen content is a critical parameter that affects the elastic response of
viscoelasticity. According to Jarvis et al. [19], nitrogen content present in human bone
decreases with burial age and acts as an inhibitor of decomposition during the initial
period of interment.

For the viscous components of viscoelasticity, the determination coefficients were
low for all the physico chemical properties. Nevertheless, the following equations were
computed with those that are lightly correlated and are able to reproduce the chaotic
aspect of the curve:

Fig. 2. Values show the elastic component of the viscoelastic response from the experimental
data “♦” and the correlational model “•” computed for the elastic component Eve1 with bone
carbonates, nitrogen, collagen and phosphates with R2 = 0.997. and Eve2 with bone nitrogen,
carbonates and collagen with R2 = 0.999.
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gve1 ¼ �10236� 1þ 0:267� N%ð Þþ 0:107� CO3W%ð Þ � 0:0156� Collagen%ð Þð Þ

R2 ¼ 0:740 ð5Þ
gve2 ¼ 420� 1þ 0:0412 � P04%ð Þ � 0:0307� Ca%ð Þ � 0:0205� Collagen%ð Þð Þ

R2 ¼ 0:874 ð6Þ

The values obtained from the experimental data and by means of the correlational
equations are presented in Fig. 3.

According to these results, the first viscous component, ηve1 of viscoelasticity reacts
positively to the increase of nitrogen (19%) and carbonates (21%) and negatively to
collagen (6%). Meanwhile the second viscous component ηve2 reacts positively to the
increase of phosphate (12%) and negatively to the increase of calcium (9%) and
collagen (8%).

Hardness
For hardness of bone material, the following equation was computed:

H ¼ 18:3� 1� 0:337 � N%ð Þ � 0:0902� CO3W%ð Þþ 0:0201� Ca%ð Þ � 0:00426� Collagen%ð Þð Þ

R2 ¼ 0:991 ð7Þ

The values obtained from the experimental data and by means of the correlational
equation are presented in Fig. 4.

Fig. 3. Values show the viscous component of the viscoelastic response from the experimental
data “♦” and the correlational model “•” computed by multivariable regression analyses: for the
viscous component ηve1 bone nitrogen, carbonates and collagen with R2 = 0.740. For the second
viscous component ηve2 bone phosphate, calcium and collagen with R2 = 0.874.
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Hardness is related to bone strength. According to our results, this property reacts
positively to the increase of calcium (6%). This calcium is an essential mineral
involved in bone mass and structure. Meanwhile the increase of nitrogen (24%), car-
bonates (18%) and collagen (2%) seem to have a negative effect in bone toughness.

Viscoplasticity
The viscoplastic response of bone could be described the following equation as:

gvp ¼ 4810 � 1� 0:303 � N%� 0:0869� CO3W%þ 0:0203� Ca%� 0:0111� Collagen%ð Þ

R2 ¼ 0:999 ð8Þ

The values for Viscoplasticiy (ηvp) obtained from the experimental data and by
means of the correlational equation are presented in Fig. 5.

Viscoplasticity is related to the evolution of permanent deformation of the bone
structure when a constant stress is hold during a given time. According to our results,
this property reacts positively to the increase of calcium (6%); meanwhile it is affected
negatively by the increase of nitrogen (21%), carbonates (17%) and collagen (4%).

It could be notice that hardness and viscoplasticity are correlated to the same
properties (CO3W%, PO4%, nitrogen% and collagen %) and they are poorly correlated
to porosity. The organic components of bone such as collagen fibrils take part in the
elastic recovery of bone. This could justify why the increase of collagen can negatively
affect the viscoplastic response of bone. It is clear from Eqs. (7) and (8) that the
evolution of hardness and viscoplasticity obeys to the similar laws suggesting that these
two properties are intrinsically dependent.

Fig. 4. Hardness response from the experimental data “♦” and the correlational model “•”
computed as a function of bone carbonates, nitrogen, calcium and collagen with R2 = 0.991.
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Table 4 summarizes the influence of the physical properties on the different
mechanical properties. It appears from the analysis of the data that the different
behaviors are sensitive to different physical properties. Indeed, Elastic modulus is
mainly sensitive to porosity, phosphate and calcium, whereas plasticity and visco-
plasticity are mainly sensitive to carbonate, nitrogen and calcium. Considering the
visco-elastic behaviors, the two elastic components are mainly sensitive to carbonates,
nitrogen and collagen composition. Nevertheless, the influence is different: an increase
of carbonates percentage generates an increase of the first elastic component, whereas it
generates a decrease of the second elastic component. Plasticity and viscoplasticity
have very similar behavior and could be considered as similar.

The selected correlational variables were chose on the fact that they provide a good
R2 coefficient. This does not mean that other physico-chemical variables cannot affect
the mechanical properties of bone. In fact, even if the selection of the variables was

Fig. 5. Visco-plastic response from the experimental data “♦” and the correlational model “•”
computed as a function of bone carbonates, nitrogen, calcium and collagen with R2 = 0.999.

Table 4. Influence of the physical properties on the different mechanical properties.

Mechanical properties Porosity CO3W% PO4% Ca% N% Collagen%

Eelast −33% 31% −17%
Eve1 13% −35% 21%
ηve1 11% 27% −2%
Eve2 −9% 4% −22% 4%
ηve2 12% −9% −8%
H −18% 6% −24% −2%
ηvp −17% 6% −21% −4%
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extensive, there is always the probability of new variables that have not been con-
sidered or even defined yet as being critical to the outcome. Nevertheless, this infor-
mation could be useful to understand how and which mechanical properties of bone are
affected by the variation of some physico-chemical properties. Most of the mechanical
properties were negatively correlated with the compositional properties. The Pearson’s
correlation show that all the high correlated physico-chemical properties have signif-
icant statistical level (p < 0.05).

Finally, it is important to notice that physico-chemical properties vary with aging,
the correlational model proposed in this work does not predicts the variation of the
mechanical properties with aging but the value of mechanical properties for specific
physico-chemical conditions.

4 Conclusions

The correlational method used in this study allows one to identify the influence of
dietary or metabolic factors, diseases or other variables in the structural and material
properties of bone. This information could be useful to better understand the variation
of the mechanical properties of cortical bone with aging.

Lineal regressions are a simple way to determine connections among the data.
However, if more information, for example new physicochemical data, is added to the
equations proposed here, those equations could change. This is why, if others com-
putational methods or data processing techniques are used, they could be providing
more information about how these properties are linked.
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