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Abstract

The implementation of the experimental methodology byagbtimneasurements of mechanical fields, the development edta t
bench, the specimen preparation, the experimental measuts, and the digital image correlation (DIC) method, haveady
been the object of research in the context of biological nedte Nevertheless, in the framework of the experimemt@htification
of a mesoscopic stochastic model of the random apparerticéhagield, measurements of one specimen is required dt tot
macroscopic scale and the mesoscopic scale under one lsiadieg. The nature of the cortical bone induces sonfiecdities, as
no single speckled pattern technique is available for demelously obtaining the displacement at the macroscogple sod at the
mesoscopic scale. In this paper, we present a multiscakriexgntal methodology based on (i) an experimental prétocmne
specimen of a cortical bone, (ii) its measuring bench, diijical field measurements by DIC method, (iv) the experit@e®esults,
and (v) the multiscale experimental identification by sofya statistical inverse problem.

Keywords: Multiscale measurements, Multiscale experiments, Okiticaging, DIC method, Digital image correlation method,
Multiscale identification, Heterogeneous microstruct®andom elasticity field, Mesoscale, Statistical inversdfem

Preambule 1. Introduction
This paper is related to a wark Nguyen (2013) devoted to the

multiscale identification of the elasticity field at mesdeaaf a ogy by image analysis began in the 1980s Jellin (1987, 1989,

cortical bone py solving a stat|st|cgl inverse problem. ISac 2001), and has led to significant advances for the identifica-
work had required to develop twoftirent and complementary . : .
tion of the elastic properties of materials at the macrascal

parts. The first one was relative to the development of a theoéndor mesoscale. Manv works could be cited amona which
retical formulation for the statistical inverse problenatinad Besnard ef 4l (2606)‘ )llsornert olall (2b09): Hild ?2002)_
the capability to identify the elasticity random field of thet- Hild et al ',1‘9'995 Hild & Rouk (200€ -Zd'LZ)'hk,ahniette‘r of al '
erogeneous microstructure by using a multiscale digitaigen =y TS — T e ]
correlation technique performed simultaneously at maeies (199fl)’ Rethore et al (2008). Roux & Hild (‘200'3)’ Raux et al.
and at mesoscale. This first part of the work was already pub(_ZOOJ, 2008); Vendroux & Knauss (1998a,b) for field measure-
lished inLNguyen et al| (2015). The second part was related Tgents using digital image correl_atlon (DIC) (see for inst@n
the experimental part devoted to the cortical bone. Thigexp (zaor:)g;)al. |:12(:(I)l§:;9|n Zogg%;wit‘(:ehr(?jlg\';slt()CLlr.né;iJ‘QO),B(frllf]t;?tn (::taTL
mental part has been extremelyfdiult to carry out in order to (2010)_’ Hild eta\g (2002) for multiscale ‘;i!eld measdre—.
obtain reliable experimental outcomes. This is the readon w ments, Bonnet & Constantinescu  (2005),  Constantinescu
the authors publish this paper for explaining the expertiaden (199:_)’_ Gevmonat et &l (2002)‘_’ Gev‘mona't!& Pagano (2003)
procedure that has been followed for the experimental proto A TN ST . gano. . i

. . . for inverse problems in elasticity, Avriletial.| (2008a);
col, for the preparation of the cortical bone specimen, lier t . g =N . i

. Avril & Pierron (2007); |Avril et al. (2008b);| Calloch et al.

test bench, and for the test procedure. This part has neeer be D . ] = = .
published. Nevertheless, there are a few overlaps comerni (2002); [Chevalier et al.[ (2001); Madi et al. (2007) for iden-
. C ! . tification methods from full-field measurements in linear
(i) the experimental results that have already been predémt and nonlinear elasticity, and_Baxter & Grabar_(2000):
Nguyen et al.[(2015) in order to illustrate the theory prambs Graham et al.[ (2003) fory,stochastic aspect of randorﬁ‘.med’ia
for the multiscale identification and (ii) the theory for tmelti- USing a mO\j;ﬁ “window technique b
scale statistical inverse problem that is detailed in Ngusteal. 9 g que.

(2015), and which is briefly summarized at the end of this papeIn this paper, th.e heterogeneous matgrlal is made up of & cort
) ) ) i cal bone for which the microstructure is very complex, rando
in order to give a self-contained overview to the reader.

and presents a hierarchical structure. At the macroscopic
" ; scale, such a material is generally assumed to be detetiminis
Corresponding author . ..
Email addresschristian.soize@univ-paris-est.fr (Christian and_ hompgenepus. Co_nsequentlyl its elasticity tensor Ca_n
Soize ) be identified using experimental measurements of the elasti

The experimental identification of microstructural morgho
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displacement field at the macroscopic scale. Furthermore, an optical CCD camera, equipped with an optical lens adapted
the microscopic level, such a material is heterogeneous artd the scale of the observed structure. At the macroscoplie sc
random, and cannot be described in terms of its constituentthe displacement field (that has to be measured) varies batwe
Therefore, a mesoscopic scale is introduced between the few millimeters and a few centimeters, or more. Such an
macroscopic scale and the microscopic scale, for which themaging method is usually free of any technical problem re-
apparent elasticity field of the microstructure is modelgdab lated to the lighting, the alignment or the field depth. Ingge
random field. The identification procedure of fivéor stochas- are then recorded by a computer equipped with a video card
tic model of this apparent elasticity field is detailed.in Nygn  (for which the frequency has been adapted to the measured
(2013);[Nguyen et al. (2015) for which the measurements ofpecimen), a data acquisition system, and a devoted process
the displacement field are required both at the macroscoping software. The images are analyzed by the image cowalati
scale and at the mesoscopic scale. method in grey levels. For each pixel, the signal is repriesen
The implementation of the experimental methodology byby a scalar corresponding to a grey level. The colored images
optical measurements of mechanical fields, the developafent have not been used because the color induces two major dif-
a measuring bench, the specimen preparation, the expadmenficulties. The first one is related to the definition of the gap
measurements, and the DIC method, have already been thetween two colors that are coded by a scalar indicator; con-
object of research in the context of biological materialssequently, the definition of a correlation ¢eient based on
Bertolino et al. [(2007); Bornert etlal. (2010); Chauvet et al a distance between two images remains an open problem for
(2010); [Gusachenko etlal.| (2012); Heripre etal. (2007)jmages in color. The second one is related to the implementa-
Houssen et al. | (2011)] Kalouche et al. _(2010); Yang et altion of a usual color camera, which uses a color filter located
(2012, 2010); Yamaguchi etlal. (2011). in front of its CCD sensor, implying that some pixels are sen-
In this paper, new advances are proposed to circumvent thative to blue, some others are sensitive to red, and others a
difficulties induced by the complex nature of the corticalsensitive to green. In consequence, the signal is undetsdmp
bone and the need to observe for the same loading two venyith a factor four, which is detrimental to the performanée o
different scales. A suitable protocol is required to apply thehe image correlation method.
external loads to the specimen, and to obtain images byadpticlt is also possible to obtain much smaller images with a macro
measurements of the displacement field in the lightened fagehotographic lens or with an optical microscope. The dimen-
with a suficient contrast at both the mesoscopic scale andions of the observed area can then be less than one square mil
the macroscopic scale. Furthermore, the measurements lxineter or even a tenth of a square millimeter. If the magaific
the elastic displacement field at mesoscopic and macrascopiion is increased, somefticulties appear due to the low amount
scales have to be performed for a single loading appliedego thof available light, which requires strong enough lightinn-
specimen. other problem concerns the field depth, which decrease®as th
We present (i) an experimental methodology based on opticahagnification grows. In order to obtain sharp images threugh
field measurements by the DIC method, (ii) an experimentabut the observation area, it is then necessary to ensureathe fl
protocol for one specimen of cortical bone, (iii) its measgr ness of the observed lightened face, which requests an agequ
bench, and (iv) the experimental results. polishing. However, cortical bone is delicate to polishtas i
very sensitive to chemical agents, temperature andfisudl to
handle. In addition, the alignment of the optical axis whle t
normal to this face should be set carefully. Anotheficiilty
is the control of the working distance between the obsermati
system and the observed specimen. Indeed, a variationsn thi
The field measurements by digital image correlation methodlistance will blur the image. Small variations will lead to a
was introduced and has been developed in many works sin@gtificial magnification, which generates unphysical ssgas-
the early 1990’s (see the references given in Se¢ilon 1). Faociated to a dilatation). Large variations lead to norblesa
a given spatial resolution, the elastic displacement fiélthe images. The focus distance is fixed and the system focusses au
lightened face of the specimen, submitted to external lozats  tomatically by moving the full optical setup. In the frameawo
be obtained by comparing two images. The first image coref the classical optics, the resolution limit of optical canas is
responds to the undeformed specimen (reference imaged whitelated to the wavelength of the light used. In practice,afor
the second one corresponds to the deformed specimen undgandard white sub-lighting, and for a high quality optisgs-
the external load (deformed image). The comparison of thesem, the lower limit of a pixel is approximatively®x 105 m.
two images relies on the digital image correlation undesthe It is possible to have pixels associated to smaller lendglasi-
sumption that the contrast is locally preserved in the \tigiof ing to oversampling, but the adjacent pixels are then cated|
each point where the displacement is measured. A higher magnification can be reached with other imaging sys-
There exists a large number of approaches for obtainingithe i tems as the scanning electron microscopy (SEM) whose res-
ages. It depends on the nature of the contrast, the comlati olution can be 16 m with a field-emission scanning electron
codficient that is estimated using the digitalized images, ananicroscope.
which requires an optimization algorithm. Most of the imple
mentations of the image correlation method rely on the use of
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2. Methodology for the elastic displacement-field measure-
ments by using the digital image correlation method



3. Experimental protocol for the cortical bone and measur-  load. Three speckled pattern techniques have been tested fo
ing bench this biological material, among which two of them (the twaffir
techniques presented hereinafter) failed to givefhcent con-
trast. Experimental measurements presented in Sddtiowet ha
been obtained with the third speckled pattern techniques Th
first technigue has consisted in spraying a black paint tleidy
good results at macroscopic scale but the paint drops were to
big and the speckled pattern was not usable for the mesascopi
scale.
A speckled pattern of microbeads (Polybead microspheres, d

In this section, the method for preparing a cortical bonespe
imen, measuring bench, the test procedure and tfiewties
encountered are presented.

Figure 1. Beef cortical bone. Specimen before preparatieft) @nd after
preparation (right) (cube with dimension®0x 0.01x 0.01m3)

3.1. Specimen preparation

Biological tissues are among the modtidult material to be Fi _ . _

. igure 2: Observed face of the specimen, at the macroscoglie: sspeckled
tested and to be modeled because of the high level of compleXztern with black paint (left figure) and scratches (rightfe)
ity of their structure the microscopic scale. It is the casdlie
cortical bone for which several scales have to be defined from
10°mto 103m. The cortical bone is a porous heterogenousameter 45x10-® m) was tested as a second technique. With this
anisotropic material that is very fitand very resistant and for technique, the microbeads were placed in a colored inkisalut
which, at the microscale, osteons, lamellae and canals €an land then deposited through a pipette on the observed fater. Af
identified. Cortical bone specimens coming from beef femurslrying of the ink solution, the specimen was ready for perfor
have been used. For the cortical-bone specimen the macrimg the measurements but, the obtained pattern was too much
scopic scale is 16 m, the mesoscopic scale is £0n, and the  heterogeneous, and it did not yieldfcient contrast for opti-
scale of the microstructural heterogeneities is betweefr0 cal imaging (despite that good results could be obtainet wit
and 16°m. SEM). For the last technique, a polishing paper with gri6t80
The sample is extracted from a beef femur. The femur is inihas been used to scratch the observed face in two perpeadicul
tially cut into rough sections (see Fig. 1). Then the marrowdirections. Then, after coating the observed face withkiilak,
the nerves, and the cartilage attached to the bone have beiiis wiped such that the black ink mostly fills the pores aral th
removed. In a second step, the cleaned bone is cut with a dscratches. Fid]2 displays the resulting speckled patferrike
amond wire saw. The final shape of the specimen is a cubelack paint (left) and for the scratches (right).
with dimension 01 x 0.01x 0.01m*. The maximum error on
the dimension of its edges is 5% (see Fi. 1). During all the3.2. Test bench
procedure, we kept track of the orientation of the samplé wit  The test bench is shown in F[g. 3.
respect to the initial bone, so that one face is paralleléddhg The prepared specimen is placed inside a home-made vertical
axis of the bone (associated with the direction of the osteon
The third step consists in polishing the surfaces of theispet
with a disk polisher in order to ensure #fcient flatness. Dur-
ing the polishing, the specimen is fixed at a specimen cébyier
using a double sided adhesive tape. Then, parallel facesbare
tained by pressing softly the specimen against the disklipeti
The observed face of the specimen is perpendicular to trge lon
axis of the bone, so that we see the osteon.
In the last step, the observed face is covered with a speckled
pattern. It is important to obtain a high contrast for theitdig
image correlation method. In the framework of the multiscal 1
experiments devoted to the proposed identification pragedu ;
Nguyen (2013); Nguyen et al. (2015), it should be noted thakigure 3: Photography of the optical setup in front of the peession machine.
a single speckled pattern is used for the optical measursmen
of the displacement fields both at the macroscopic and meso-
scopic scales for the specimen submitted to a single externaniaxial compression machine. The displacement of the top
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head of the machine is controlled, the bottom one being 4. The specimen is loaded at a speed of®19/s up to the
fixed. The force is recorded through a, 000N load cell. The final value 9000N. The displacement is then fixed and the
sample is placed between two metallic cylinders inside thecquisition of the 90 images is performed for the deformed
heads of the machine. The boundary conditions are thus nagpecimen (deformed images). It should be noted that a very
obvious to define. For the model, the following assumptionssmall relaxation of about 7% of the force has been observed
are used. The normal displacements of the face that is pgessiduring the test.

against the lower fixed side of the UCM are locked while the

corresponding tangential displacements are free. It isnasd 5. At macroscopic scale, the deformed image is built in
that a constant surface-force field is applied to the oppositcombining these 90 deformed images (mosaic image). As
face that is pressing against the actuator of the machine. Ttpreviously, the image number 42 is taken as the deformed
tangential displacements are assumed to be free. The foerr ot image for the mesoscopic scale.

vertical faces of the specimen are free.

The sample is loaded at constant speed {&f)s) up to 6. At the macroscopic scale and at the mesoscopic scale, the
9,000N: preliminary experiments have shown that this forcedisplacement fields are calculated by the digital imagestarr
allows for staying in the linear elasticity domain. A lighi  tion method. A spatial resolution of 3010 - points grid is used
source is placed inside the test bench, pointing out in théor the macroscopic scale, which corresponds te 1@grid on
direction of the observed face. The images acquisition ishe image obtained by stitching together the 90 images evehil
performed by a single CCD camera (Pike F505, Allied Vision100x 100 - points grid is used for the mesoscopic scale. The
Technology, Germany) equipped with a x5 microscope lenganalysis has been carried out using @@rel Manusoftware.
(Mitutoyo, Japan), located in front the specimen. The pixelTaking into account the dimension of the specimen, the apati
size is (069 x 1075) x (0.69 x 1075 n? with 2,452 x 2,054  resolution is 16° min each direction at the mesoscale.

pixels on the CCD sensor. This leads to an oversampled image,

favorable for the DIC as soon as the correlation domainlis sti
larger than the optical resolution.

The same setup is used for the acquisition of the images at Regylts at the macroscopic scale

microscale and at macroscale. The full surface is imaged by atthe macroscopic scale, the displacement field is displaye
moving along the horizontal and the vertical directions.isTh i Fig.[4 for the horizontal component along directionthat
can be done since the camera and its objective are installgd perpendicular to the axis of the actuator (left figure) ford

on three motorized stages (horizontal movements: LS-11Ghe vertical component along directiapthat is parallel to the
vertical movements: ES-100, Micos, Germany): two mOtOrsayjs of the actuator (right figure). The images are presested
are used to scan the surface, while the last one is use for the10x 10 - points grid. The components 11, 22, and 12 of the
automatic focus. Nine images are taken along the horizontairain tensor are displayed in Fig$. 5 &hd 6. It should bednote
direction, and ten images along the vertical one, insuring ahat the strain field is not homogeneous at the macroscopic
overlap of at least 34%. Each one of these 90 images defin@gale that is due to the boundary conditiofisets. In addition,

a mesoscopic subdomain. The macroscopic image is built by, Fig. [, it can be observed a slight loss of symmetry with
combining the 90 mesoscopic images, using ImageJ stitchingsspect to the median vertical line of the image. The loss of
pluginiRasband (2013). symmetry is explained by a misaligned loading. Conseqyent
the horizontal component of the resulting surface-forchl fie
applied by the actuator is non zero. It induces a shear itdin
also a small horizontal slip of the specimen.

4. Experimental results

3.3. Test procedure
The test procedure is described as follows.

1. First, the maximal compression force that can be appliec
to the specimen is estimated in order to stay in the linear ° A : ﬁ '
elastic domain. For that, several loading and unloadingsas " o
are applied to 4 dedicated specimens. As a result, the valu
9, 000N is chosen.

o! 1 o!
o 2 4 6 8 10

2. Each one of the 90 images is acquired with32x 2, 054

plxels for the specimen at rest (no applled Ioad). Figure 4: The horizontal axis ig and the vertical axis ig;. Component along

directionx; of the displacement field (left figure) and along direction(right
3. At macroscopic scale, a reference image is built infigure), at the macroscopic scale.

combining these 90 images (mosaic image) by using the

softwarelmaged In addition, the image number 42 (located

at the middle of the lightened face) is taken as the reference Results at the mesoscopic scale

image for the mesoscopic scale. At the mesoscopic scale, the two components of the displace-
ment field are displayed in Fig] 7 for directioa (left figure)
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Figure 5: The horizontal axis i& and the vertical axis ig;. Component 11
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Figure 6: The horizontal axis i& and the vertical axis i%;. Component 12
(shear) of the strain tensor at the macroscopic scale.

and for directionx, (right figure). The images are presented
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Figure 9: The horizontal axis ig and the vertical axis ig;. Component 12
(shear) of the strain tensor at the mesoscopic scale(fayema).

5. Brief summary of the statistical inverse problem

The identification procedure proposed is based on the fact
that the random apparent elasticity field at mesoscale of the
microstructure cannot completely be identified by usingyonl
the measured displacement field at mesoscale. An additional
information at macroscale is required. This is the reasoyp wh
the identification at macroscale is introduced and constyle
two scales are simultaneously measured and used in the
statistical inverse problem.

In this section, the identification procedure for solving gta-
tistical inverse problem is briefly presented. Figure 1Gergs
an overview of the methodology that is detailed yen

with a 100x 100 - points grid. The components 11, 22, and 1212:11)_ N = IL(2015). The experimental displacemen

of the strain tensor are displayed in Figk. 8 Bhd 9. Similarly
the macroscopic scale, a slight loss of symmetry is observe
which can be explained with the same reasons. Furthernmore,
Fig[d, despite the vertical components of the displacemelot fi
is continue, an important gradient can be observed, whiehtis
due to a crack.

Figure 7: The horizontal axis ig and the vertical axis ig;. Component along
directionx; of the displacement field (left figure) and along direction(right
figure), at the mesoscopic scale (for image 42).

Figure 8: The horizontal axis is and the vertical axis ig;. Component 11
(left figure) and component 22 (right figure) of the strainstnat the meso-
scopic scale(for image 42).

field ugs™ is constructed using a finite element interpolation
Pf the experimental values of the displacement obtainedhen t
10 x 10 points correlation grid over the macroscopic domain.
The strain field associated withl5™ is denoted bysgg™™

At macroscale, a deterministic boundary value problem is
introduced for a three-dimensional linear elastic medium,
which models the specimen in its experimental configuration
(geometry, surface forces and Dirichlet conditions). The
constitutive equation involves @rior deterministic model for
the fourth-order elasticity tens@™2"qa) that is parameterized
by a vectora. The tensor-valued strain field associated with
this boundary value problem is denoted B{2“Ya) and
also depends oa. Moreover, the experimental mesoscopic
displacement fieldigi>°is constructed in using a finite element
interpolation of the experimental values of the displaceime
obtained on the 10& 100 points correlation grid over the
mesoscopic domain. The strain field associated Wi is
denoted byeg>° At mesoscale, a stochastic boundary value
problem is introduced for a linear elastic medium in 2D plane
stress with Dirichlet conditions defined by the values of the
experimental displacements on the boundary of the mesizscop
correlation grid.

The apparent elasticity field is modeled apréor tensor-
valued random field and is considered as the restriction to
subdomain QMes® of a statistically homogeneous random
field {CMeSqx;b),x € R3} in which b is the vector of the
parameters. In using the Voigt notation, for allfixed in
QMes0 the random fourth-order elasticity tengof*esqx) can
be represented by a (6 6) real random matrix M5qx)],
which is the inverse matrix of a random compliance matrix



g 1 specimen macroscale, and thefective elasticity matrix € (b)] calcu-

1 experimental observation of the strain field at macroscale . . . .

O Parallel observations of the strain fields at mesocale lated by h_omogen_lzatlon of the mesoscal_e_stochastlc model i
]l subdomaim™es°with the assumption that it is a REV. We then

YVYVV ey o+ 0 o
N have macro___macrq 12
B T [1(&) =l Cexp — € O(a) 1, (1)
* Strain fields
, T o] Le) - [ -aa. @
At macroscale ... Atmesoscale = Boundary value problem
(homogerﬁous, deterministic) (hEterog(Eous' probabilistic) (stochastic) [3(a’ b) = [Cmacm(a)] - E{[Ceff(b)]} |||2: . (3)
H°’"°geTfaﬁ°" in which|| - || is the Frobenius norm of a matrix,
Ef'fective_ p.ro_perties Ef‘fective. pAroApelrties ) ]
(determln‘lstlc) ‘ (determlnls'tlc since there is scale separation) ||| g{enx%crggmacm(a) |”2 :f “ ggl(%cro(x)—gmacm(x; a) “'2: dx (4)
Qmacro
—
6mes ‘b) = mesc(x; b) d 6meso_ g;(%so 5
Figure 10: Overview of the methodology for the identificatiof a stochastic ((X' ) - ||$meso(b)||F an exp lEMeSq| - ’ ( )
model of the apparent elasticity random field at mesoscaites = —exp
and where
1
gmeqb) = —— f £Meqx; b) dx, (6)
[S™esqx)]. Nevertheless, we will keep the same notation for - |QQMESq J gmeso
the strain fields and their matrix representations. For #sec 1
of 2D plane stresses, thmior stochastic model ofGMesqx)] gg‘xff": oes Eexp 1¥) dX, (7
is constructed in choosings'®s] = {{S™®%qx)],x € QMes9 | 1 Jameso
in the set SFE (defined inl Soize| (2006, 2008, 2012)) of V™eSqx; b) = Ef||€Mqx; b) — £M*5b) |2}, (8)
the non-Gaussian second-order stochastic fields with salue 1
in the set of all the positive-definite symmetric ¥66) real VeSO — || Emesqx) — £MESO12 gix (9)
P T 1QMmeq Jomeso P ~exp TF

matrices. Hence, for a transverse anisotropic materiaDn 2
plane stresses, we hate = (6, ¢, Er,vr) where Er and vt The identification of parameteasandb is obtained by solving
are the Young modulus and the Poissonfiioent that are a multi-objective optimization problem for the three inaliors
independent ok, and which parameterize the statistical meanZ1(a), Z2(b), and 73(a,b). A genetic algorithm is used in
value of the compliance matrix for the transverse isotropicorder (1) to construct the Pareto front and (2) to find the
material at the mesoscale (this statistical mean commiancglobal optimal valuea™“"® and b™**° of the multi-objective
matrix is independent of because the elasticity random field optimization problem.
is statistically homogeneous at the mesoscale). It shoeld b
noted that the identified valu&"**°andy"**°of Er andvy do The value ofa™ is almost unchanged through the iter-
not represent statistical mean values of these Young meduli@tions when the multi-objective problem is solved. Conse-
and Poisson cdgcient because the mean compliance matrixquently, we found that the optimal value @t= (ET'#°", %)
is a nonlinear mapping oEr andvr. The parametes of  is @™ = (6.74x 10° Pa, 0.32). Less than 100 generations
the stochastic model allows for controlling the level of thehave been enough for solving the multi-objective optimarat
statistical fluctuations of the elasticity field at the mesds  problem. Its optimal components af#®s° = 5.06 x 10°m,
(for 6 = O the statistical fluctuations are zero). The parameter 6M°° = 0.28, ET"®*® = 6.96 x 10° Pa, v*° = 0.37. This
is a length that characterizes the spatial correlationttengf ~ optimal solution yields a spatial correlation length eqtel
the elasticity random field at the mesoscale, which are assum 5.06x 107> m, which has to be compared to the spatial resolu-
to be the same in the two directions. tion that is 10° m, and which is in agreement with the assump-
tion introduced concerning the separation of the scaless Th
In order to identifya and b, three numerical indicators, engthis also of the same order of magnitude than the distanc
71(a), T2(b), T3(a, b), are introduced. The distance betweenPetween adjacent lamellae or osteons in cortical bovineifem
edp 0 andeMa) is quantified by the first numerical indica-
tor 71(a). The numerical indicatof>(b) quantifies the dif- g conclusion
ference between the spatial fluctuations of the experirhenta
strain field at mesoscale (around its volume aver@fg* In the framework of a multiscale identification of the
and the statistical fluctuations of the random strain field ofapparent elasticity field at the mesoscopic scale for a cexnpl
the stochastic boundary value problem (around its mearevalielastic microstructure, the measurements of the defoomati
£Mes9 at mesoscale. Finally, the numerical indicaf@a(a,b)  of a specimen submitted to a single external loading must
quantifies the distance between th&eetive elasticity matrix simultaneously be carried out for both the mesoscopic scale
[CMacq@)] used in the deterministic boundary value problem atand the macroscopic scale. In this paper, an innovative
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experimental protocol has been presented for the muléiscalGraham, L. L., Gurley, K., & Masters, F. (2003). Non-gausssimulation of
measurements of a cortical bone specimen. A test bench, madelocal material properties based on a moving-window teammiérobabilis-

up of a unique optical lens, has been developed, and usesA
single imaging at the two scales. The specimen is a cenitnetr

cube of cortical bone. Somefficulties have been induced by

tic Engineering Mechanicd 8, 223-234.

Usachenko, I, Tran, V., Houssen, Y.-G., & Allain, J.-M0{2). Polarization-
resolved second-harmonic generation in tendon upon mectatretching.
Biophysical Journagl102, 2220-2229.

the nature of the cortical bone for which no existing spettkle Heripre, E., Dexet, M., Crépin, J., Gélébart, L., Roos,Bomnert, M., & Calde-

pattern technique was available for imaging the displacgme

maison, D. (2007). Coupling between experimental measemésrand poly-
crystal finite element calculations for micromechanicatigtof metallic ma-

field, simultaneously at the macroscopic scale and at the terials. International Journal of Plasticity23, 1512—-1539.

mesoscopic scale by the DIC method. Théidilties have

been circumvented thanks to the development of an adapt
experimental procedure. The presented experimentaltsesul

Hild, F. (2002). CORRELIVT: a software for displacement field measure-

ed ments by digital image correlatioMT-Cachan, internal report 254

Hild, F., Périé, J.-N., & Coret, M. (1999). Mesure de chande déplacements
2D par intercorrélation d'images: CORRELI 20LMT-Cachan, internal

are coherent and satisfying, and the use of these resules hav report 239 .
been used for a multiscale identification of a stochasticehod Hild, F., Raka, B., Baudequin, M., Roux, S., & Cantelaube(2802). Mul-

of the apparent elasticity random field at mesoscopic scale.
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