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Abstract

In orthopedic and dental surgery, the implantation of biomaterials within the bone to restore the
integrity of the treated organ has become a standard procedure. Their long-term stability relies on the
osseointegration phenomena, where bone grows onto and around metallic implants, creating a bone-
implant interface. Bone is a highly hierarchical material that evolves spatially and temporally during
this healing phase. A deeper understanding of its biomechanical characteristics is needed, as they are
determinants for surgical success. In this context, we propose a multiscale homogenization model to
evaluate the effective elastic properties of bone as a function of the distance from the implant, based
on the tissue’s structure and composition at lower scales. The model considers three scales: hydrox-
yapatite foam (nanoscale), ultrastructure (microscale), and tissue (mesoscale). The elastic properties
and the volume fraction of the elementary constituents of bone matrix (mineral, collagen, and water),
the orientation of the collagen fibril relative to the implant surface, and the mesoscale porosity con-
stitute the input data of the model. The effect of a spatiotemporal variation in the collagen fibrils’
orientation on the bone anisotropic properties in the proximity of the implant was investigated. The
findings revealed a strong variation of the components of the effective elasticity tensor of the bone
as a function of the distance from the implant. The effective elasticity appears to be primarily sen-
sitive to the porosity (mesoscale) rather than to the collagen fibrils’ orientation (sub-micro scale).
However, the orientation of the fibrils has a significant influence on the isotropy of the bone. When
analyzing the symmetry properties of the effective elasticity tensor, the ratio between the isotropic
and hexagonal components is determined by a combination of the porosity and the fibrils’ orienta-
tion. A decrease in porosity leads to a decrease in bone isotropy and, in turn, an increase in the
impact of the fibrils’ orientation. These results demonstrate that the collagen fibril orientation should
be taken into account to properly describe the effective elastic anisotropy of bone at the organ scale.

Keywords: bone, implant, multiscale, homogenization, collagen orientation
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1 Introduction

Longer lifespans, stress, and poor nutritional prac-
tices are contributing factors to disorders that
worsen bone quality and cause teeth loss (Fontaine
and Barofsky, 2001). Moreover, active lifestyles
and traffic and workplace accidents frequently lead
to injuries (Kurtz et al, 2007). In orthopedic and
dental surgery, the implantation of biomaterials
inside the bone to restore the integrity of the
treated organ has become a standard procedure.
Implants and joint prostheses have significantly
improved maxillofacial surgery (to restore miss-
ing teeth or support craniofacial reconstructions)
and the treatment of joint degeneration (hip, knee,
etc). A fast, robust, and long-lasting bond between
the implant and the bone, i.e. adequate osseoin-
tegration, is the goal of current orthopedic and
dental implant therapies (Gao et al, 2019).

The growth of bone around and onto the
metallic foreign object leads to the formation of
a bone-implant interface, which evolves as bone
remodels (Albrektsson et al, 1981; Shah et al,
2019). An inability to obtain a bounded bone-
implant contact is a common reason for early
implant failure (during the first six months of
implantation), which is one of the most common
causes of failure in dental surgery (Chrcanovic
et al, 2016; Grisar et al, 2017). It is difficult
to determine the exact causes of osseointegra-
tion failure, which may result from a variety of
implant-, surgery-, and patient-related variables
(Amengual-Penafiel et al, 2019; Albrektsson et al,
2017). A deeper understanding of the biomechan-
ical characteristics of the bone-implant interface
and the surrounding bone is needed to increase
implant stability and decrease surgical failure risks
(Hailat et al, 2014; Wirth et al, 2011).

Bone is a hierarchical anisotropic composite
material that is strong and lightweight at the
same time (Gao and Sevostianov, 2016). Miner-
alized bone (at the scale of 10-100 nm) is made
of fundamental elements including water, colla-
gen molecules, and hydroxyapatite crystals. The
ultrastructure (at the scale of 1-10 pm), is consti-
tuted of mineralized collagen fibers embedded in
a mineral foam. At the microscale, bone is orga-
nized either in a compact pattern (cortical bone)
or a spongy pattern (cancellous bone). Cortical
bone stiffness is given mainly by its porosity (Cai

et al, 2019). However, bone ultrastructure orienta-
tion and arrangement are predictors of mechanical
properties such as bone strength or elastic mod-
ulus (Georgiadis et al, 2016). Moreover, earlier
studies have shown that peri-implant bone nanos-
tructure is affected by the presence of ceramic and
metallic implants (Hoerth et al, 2014a; Biinger
et al, 2010; Le Cann et al, 2020). However, lit-
tle is known about how those lower-scale changes
impact the macroscale effective mechanical behav-
ior of the bone-implant system.

A common approach to retrieve bone mechan-
ical or acoustical properties consists in coupling
3-D reconstructions obtained from high-resolution
imaging techniques with numerical simulation
tools (Chevalier et al, 2007; Haiat et al, 2007,
2008). High-resolution Finite Element (FE) mod-
els are constructed from bone microstructures
which are digitized using micro Computed Tomog-
raphy (micro-CT) or in wivo high-resolution
peripheral quantitative CT (HR-pQCT) scanners.
FE analyses are used to compute bone effective
elastic properties (Rietbergen et al, 1998, 1996;
Ulrich et al, 1999; Pistoia et al, 2001), to pre-
dict bone strength (Rietbergen and Ito, 2015)
and to conduct multiscale analyses (Podshivalov
et al, 2011a,b). These models assume a linear elas-
tic behavior of the material at the ultrastructure
scale, whose mechanical properties are obtained
via micro and nanoindentation tests Rodriguez-
Florez et al (2014).

Another strategy to characterize the bone
mechanical behavior consists in using its hierarchi-
cal organization together with empirical relations
on its composition to build a multiscale homoge-
nization model able to determine the elastic tensor
at the scale of the organ (Hellmich et al, 2008;
Sansalone et al, 2010, 2012; Gagliardi et al, 2018;
Hellmich et al, 2022; Hamed and Jasiuk, 2012).
In this way, bone stiffness can be obtained using
only the information on the volume fraction of
each constituent assuming a simplified structure
at each scale considered. Several authors used this
model to compute the elastic properties of trabec-
ular (Hellmich et al, 2004b; Hamed et al, 2012)
and cortical (Vaughan et al, 2012; Hamed et al,
2010; Martinez-Reina et al, 2011; Barkaoui et al,
2013) bone and to predict bone remodeling (Col-
loca et al, 2014). However, to the best of the
authors’ knowledge, it was never used to ana-
lyze the peri-implant bone. Furthermore, even if
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classical computed tomography provides informa-
tion on the microstructure, its spatial resolution
is insufficient to get information on the geometri-
cal arrangement of the ultrastructure. X-ray-based
scattering techniques, such as small-angle X-ray
scattering (SAXS), are sensitive to the crystal
structure and periodic arrangement of bone min-
erals and can be used to retrieve information
about mineral platelet orientation and thickness
(Wagermaier et al, 2013; Turunen et al, 2016;
Mathavan et al, 2018; Liu et al, 2010; Hoerth et al,
2014b) which can be linked to the collagen fibrils’
orientation.

This paper aims to determine the spatial vari-
ation of the elastic tensor of the peri-implant
bone during healing using a three-scale homoge-
nization method that uses as input experimental
data spatial variations of porosity and platelet ori-
entation obtained from SAXS measurements of
animal samples. Such an approach can be used
to relate anatomical variations of porosity and
platelet orientation to changes in peri-implant
bone biomechanical properties.

2 Materials and methods

2.1 Multiscale homogenization
model

A multiscale homogenization model was developed
to compute the effective elastic properties of bone
at the organ scale as a function of the distance
from the implant. This model is based on the
previous works of Halat et al (2014) and Sansa-
lone et al (2010). Three scales are considered:
hydroxyapatite foam (HF), ultrastructure (US),
and tissue (T) (see Fig. 1) which are respectively
associated with three length scales (several hun-
dred nanometers, several micrometers, and sev-
eral hundred micrometers to several millimeters).
The elastic properties and the volume fraction of
the elementary constituents of the bone matrix
(hydroxyapatite (HA), collagen (col), and water
(W)), the orientation of the collagen fibrils relative
to the implant surface (6), and the bone poros-
ity (¢p) constitute the input data of the model.
At each scale, the continuum micromechanics the-
ory based on the Eshelby’s representation of the
uniform elastic field inside the ellipsoidal inclusion
is applied (Suquet, 1997). Inclusions of differ-
ent shapes (cylindrical or spherical) with different

material properties (Laws, 1977a, 1985) are con-
sidered at each scale. In what follows, the position
vector x is specified through the Cartesian coor-
dinates (x1,x2,x3) with respect to a Cartesian
reference frame R(O; ey, eq, e3), where O is the
origin of the space and (eq, ez, e3) is an orthonor-
mal basis of this space.

The homogenization methods based on con-
tinuum micromechanics can estimate the homog-
enized elasticity tensor of a representative volume
element (RVE) comprised of several phases with
different distributions and shapes, which can be
organized in a matrix/inclusion-like microstruc-
ture or entirely disordered. The homogenized elas-
ticity tensor turns out to be a weighted sum over
the phases:

CHom =3¢, C": A", (1)

where ¢,., C", and A" are the volume fraction,
the elastic tensor, and the localization tensor of
the phase 7, respectively. The symbol “:” in Eq. 1
denotes a double contraction of adjacent indexes
of any couple of tensors. Note that the following
condition is required: ) ¢, = 1. The fourth-
order localization tensor links the microscopic
infinitesimal strain field €(z) with the macroscopic
infinitesimal strain E, i.e. €(x) = A"(x) : E. It
can be shown that the expression of A" reads (see
for instance Zaoui (2002)):

AT = (I+P: (C"—C%) "
-1

So (TP (C-CO)) | L (2

where P" is the fourth-order Hill tensor of the
phase r embedded in the matrix phase, C° is the
elastic tensor of the reference material, I is the
fourth-order identity tensor and s refers to the
phase. The expression of the Hill tensor depends
on the shape of the phase and on the elastic prop-
erties of the homogeneous host phase which is also
called matrix phase.

The choice of the value of C° leads to differ-
ent estimates of the homogenized elasticity tensor
CHom  Two estimates are relevant in the con-
text of this work (Nemat-Nasser and Hori, 2013):
the Mori-Tanaka (MT) and the Self-Consistent
(SC) estimates. The MT estimate is well suited
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Fig. 1: Schematic description of the multiscale homogenization model with three length scales (several
hundred nanometers, several micrometers, and several hundred micrometers to several millimeters). Mate-
rial properties of the hydroxyapatite foam (left) and the ultrastructure (middle) are homogenized within
each region of interest. In the tissue scale (right), the white regions schematically represent Haversian’s
canal or different vascular pores of the bone. The table at the bottom shows for each scale the phases
that constitute it, the homogenized elastic tensor CH#™  the elastic tensor of the reference material C°,

and the estimate used.

when the material microstructure is made up of
uniformly dispersed inclusions in a homogeneous
matrix. In this case, the effective matrix is an
actual, well-identified phase and therefore C° =
Cmatriz Then, the MT estimate of CH°™ can be
readily computed from Eq. (1). The SC estimate is
well suited when no actual matrix can be identified
but the microstructure is rather made of interpen-
etrating (continuous or discontinuous) phases. In
this case, the effective matrix is assumed to be the
homogenized material itself and therefore C° =
CHom Tt follows that the SC estimate of CHo™
leads to an implicit equation (see Eq. (1)) which
is solved iteratively using a fixed-point method.

In what follows, the equations to compute
the effective elastic properties at each scale are
described.

2.1.1 Hydroxyapatite foam

The hydroxyapatite foam can be seen as consti-
tuted by spherical inclusions of hydroxyapatite,
water, and non-collageneous matter filling the
entire space. This disordered structure motivates
the use of an SC estimate to compute the homog-
enized elastic properties of the hydroxyapatite
foam. Therefore, the elastic tensor is defined from
Eq. (1) and Eq. (2) with r,s € [HA, W] as:

(CHF _

[PrA CcHA . (]I-|- pHA . ((CHA _ CHF))*l n
ow CV : (I+ PV : (€Y —CFF)) 7).
[pra (I+PHA: (CHA—CHF) ™ 4
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dw (]I—‘,—]P’W . ((CW _ (CHF))*I]_l7 (3)

The non-zero components of the Hill ten-
sor P" for spherical inclusions embedded in the
isotropic host phase CM¥ can be expressed in
Voigt notation as (Parnell, 2016):

P{1:P52:P§3:P{111:
ZCgF + 7CﬁF
I5CHF(CHRE +2CEF)’
P{2:Pf3:P2T3:P{122:
CII%F + CﬁF
 15CEF(CHF 4+ 2CHF)’
Pjy = P5y =Pgs = 4P5353 =
2(3CHF +8CHT)
15C’ﬁF(Cf§F + 2C’ﬁF)'

(4)

The obtained elastic tensor for this mixture is
isotropic.

2.1.2 Ultrastructure

At the scale of several micrometers, the matrix
phase is the hydroxyapatite foam described in the
first step and the collagen fibrils are modeled as
cylindrical inclusions, which motivates the use of
the MT estimate. To account for the observed vari-
ation of the orientation of the collagen fibrils (see
Section 2.3.3), a rotation around the common e;-
axis is introduced, resulting in the e}-axis forming
an angle 6 with the es-axis (see Fig. 1). The elas-
tic tensor of the ultrastructure CVS” referred to a
local orthonormal basis defined by (e}, eh,e%) is
computed from Eq. (1) and Eq. (2) with r,s €
[HF, col] as (Parnell, 2016):

(CUS/ _
[¢HF CHE 4 o1 C=

(]I+Pcol . (Ccol _ CHF))_l] .

-1

|:¢HF]I+ ¢col (H + ]P)col . ((Ccol _ (CHF))—I:|
(5)

The non-zero components of the Hill tensor for
cylindrical inclusions in an isotropic host phase
can be expressed in Voigt notation as:

HF HF
Pift = Pyl = iyl = L O T
8 CHFCHF
| CHF _ CHF

Pcol — Pcol — =
12 1122 HEHF
8 Cll C’44

1
col __ pcol __ col __
P44 - P55 - 4P2323 - QCﬁF
col col HF HF
peol — P — Ps —4pgl, = LCh" +Ch

2 ~ 2 CHFCHF

(6)

The obtained elastic tensor for the ultrastruc-
ture is transversely isotropic with its plane of
isotropy the (e}, e})-plane (see Fig. 1). Thus, a
change of basis is needed to express the elastic
tensor CU in the reference basis (ey, es, e3). This
tensor is defined by:

Cgfz = Uim Ujn Uyp Uyy C’%i;,q, (7)
where U;; (for i,j = 1,...,3) are the com-

ponents of the transformation matrix U for a
rotation around the e;-axis which are defined by:

1 0 0
U= {0cosf —sinf | . (8)
0 sinf cosf
In the relation (7), Einstein’s summation con-
vention is used, that is, repeated subscripts are
implicitly summed over. Moreover, it should be
noticed that while CUS’ is transversely isotropic,
CY% is anisotropic.

2.1.3 Tissue

At the organ scale, bone tissue is considered as
composed of cylindrical pores embedded in the
homogeneous continuous ultrastructure described
in the previous scale. We assumed that the orien-
tation of the vascular porosity is parallel to the
implant surface, which is due to the design of the
animal model described in Section 2.3.3. Under
these conditions, the effective elastic tensor CT of
the bone is, as in the previous scales, computed
from Eq. (1) and Eq. (2) with r, s € [US, W, P] as:
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C’ =
{QZ)US(CUS-F

owpC" : (I+P7: (CV — (CUS))_l} :

-1
{quSu +éw (I+PF: (CY —cUs)) ™ ] ,
9)

where ¢y p is the volume fraction of the meso-
scopic pores (or porosity), which are considered
filled with water.

As described in the previous section, the elas-
tic properties CU9 of the homogeneous host phase
are anisotropic. Therefore, the Hill tensor has no
closed-form expression for any inclusion shape. So,
for a cylindrical inclusion, the components of the
Hill’s tensor can be expressed in the integral form
(Laws, 1977b):

1
Pl = 3 [Mijrr + Mjigg + Mijie + Mjag], (10)

where the components of the fourth-order ten-
sor M are given by:

1 [ EGKG G
Mzgkl - p A 5% +§% d¢7 (11)
where € = cosie; + sinyes is a unit vector
of plane centered at the origin, and K = & - CUS .
£ is the acoustic tensor which can be written as
follows:

K = cos? 1) Q + costp sinty (R4 RT) +sin? ¢ T,

(12)

where the superscript T designates the trans-

pose operator. The components of the 3 x 3-

matrices Q,R and T are defined by the following
relations:

Qik = 05517
Rip = CH%y, forik=1,...,3.
T = 05527 (13)

The obtained elastic tensor for the bone CT
is anisotropic. It should be noticed that when the
collagen fibers are oriented with their principal
axis coincident with the principal axis of the pores,
i.e. § = 0, CT has transversely isotropic symmetry.

2.2 Elastic tensor decomposition

To study the anisotropic nature of bone at the
organ scale, it is useful to decompose its elastic
tensor into a sum of orthogonal tensors belonging
to the different symmetry classes. Hence, elastic
symmetries of the effective elastic tensor CT of
the bone were computed using the Matlab Seis-
mic Anisotropy Toolkit (MSAT) by Walker and
Wookey (2012). This is an implementation of the
method by Browaeys and Chevrot (2004), who
considered the elasticity tensor C as an elastic
vector X with 21 orthogonal components:

X = (C11,C42,C33, V2043, V2C13,V2Cha,
2C44, 2C55,2C66, 2C14, 2055, 2C36,
20734, 2C" 5,20, 204, 2C35, 2C'6,

2v/2C56,2v/2C6,2v/2C,5). (14)

Then, X is decomposed by a cascade of projec-
tions into a sum of vectors belonging to the sym-
metry classes triclinic, monoclinic, orthorhombic,
tetragonal, hexagonal, and isotropic,

X = Xtri + Xmon + Xort + Xtet + Xheac + Xz’so-

(15)

Finally, the symmetry class fractions are com-
puted as

ce = [|Xe]l/IICI, (16)

where ¢ € [iso, hex, tet, ort, mon, tri].

2.3 Experimental input

The model developed in Section 2.1 requires as
input data the individual constituents’ elastic
properties, the description of the phase of each
constituent in each RVE (composition of the tis-
sue), the orientation of the collagen fibrils at the
ultrastructure scale and the average porosity of
the bone at the tissue scale.
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2.3.1 Elastic properties of the
experimental constituents

The elastic properties of the elementary con-
stituents (collagen, hydroxyapatite, and water)
were taken from Hellmich et al (2004a) and are
shown in Tab. 1. Both water and mineral are
isotropic materials, while the collagen fibrils are
transversely isotropic, the isotropy plane being
orthogonal to the es-axis of the fibril.

2.3.2 Estimation of the volume fraction
of each component of bone tissue

Bone tissue is considered to be composed of
hydroxyapatite, collagen, and water leading to:

¢HA+¢COI +¢W =1. (17)
The estimation of ¢ 4 is done using:
TMD
bHA = (18)
PHA

where pga is the mass density of hydroxyap-
atite and T'M D is the tissue mineral density. In
this work, the mineralization is assumed to be con-
stant and TMD = 1 (Gagliardi et al, 2018). The
reader is referred to Sansalone et al (2010) for
a detailed description of the influence of miner-
alization on bone mechanical properties. Volume
fractions of hydroxyapatite, collagen and water
are computed from an empirical relation obtained
through measurements of volume fractions in dem-
ineralized bone by solving the nonlinear system
(Broz et al, 1995):

¢col

dw
where o = 0.36, 5 = 0.084 and v = 6.7.

= B x VxOHA (19)

2.3.3 Mineralized collagen fibrils
orientation

The collagen orientation in the bone tissue close
to an implant surface varies during osseointegra-
tion. To model this variation, experimental data
were extracted from a study formerly conducted
by our group (Le Cann et al, 2020). The tech-
niques and relevant results are briefly described
hereafter, the reader is referred to the publication
for more detailed information.

A standardized Ti6Al4V coin-shaped implant
model with a dedicated bone chamber (diameter

5 mm, height 3 mm) had been osseointegrated in
rabbit tibiae for 7 weeks (n = 4) and 13 weeks
(n = 4) (see Fig. 2A). The newly-formed bone
close to the implant surface was exposed (2D
slices) and scanned using Scanning small-angle X-
ray scattering (SAXS), with a micro-focused setup
(around 4000 x 250 um? with a pixel size of 5 um)
(see Fig. 2B). From the 2D scattering patterns,
the average predominant mineral plate orienta-
tion (direction of the crystallographic c-axis) was
determined, which is commonly accepted to reflect
the mineralized collagen fibril principal orienta-
tion, as minerals align and wrap around the fibrils
(Reznikov et al, 2018). To extract the spatial
variation of the collagen fibril orientation in rela-
tion to the implant distance, data were averaged
within 20 regions of interest (ROIs) correspond-
ing to 10 pwm thick horizontal bands parallel to the
implant surface (see Fig. 2B).

The experimental data depicts a spatial varia-
tion of the collagen fibril orientation (6) with the
distance to the implant surface (see Fig. 2C, D,
dashed lines). Both at 7 weeks and 13 weeks of
healing time, the angle between the fibrils and the
implant surface is close to zero in the proximity
of the implant (10° < 6 < 25° in the first 80 pum),
gradually increasing the further we move away.
The variation in the collagen fibrils’ orientation is
higher at earlier stages of healing.

2.3.4 Bone tissue porosity

From the same experimental data set and similar
ROIs (see Section 2.3.3), bone tissue porosity ¢w p
was estimated from the Bone Area/Total Area
ratio, i.e. the number of pixels corresponding to
the bone tissue over the total number of pixels in
the ROI (see Fig. 2C, D, solid lines). ¢w p is rela-
tively stable at 7 weeks (averaged porosity within
the chamber of 84%) and globally decreases with
healing time (average of 65% at 13 weeks), depict-
ing a strong drop in the very first 40 pum close
to the implant surface. As reference data, a bone
porosity value of 8% was identified as a healthy
target value (human cortical bone, Gagliardi et al
(2018)).
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Phase Elastic proprieties given in GPa 10)
Cn Cs3 Cr2 Ci3 Cya

Water 2.3 2.3 2.3 2.3 0 0.31

Hydroxyapatite 142.5 142.5  52.7 52.7 44.9 0.33

Collagen 11.7 17.9 5.1 7.1 3.3 0.36

Table 1: Elastic properties of the elementary constituents (Hellmich et al, 2004a). Water and mineral
are isotropic materials, while the collagen fibril is a transversely isotropic material, the isotropy plane
being orthogonal to the es-axis of the fibril.
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Fig. 2: Sectional scheme of the standardized implant model used in (Le Cann et al, 2020) (A). After
osseointegration of 7 weeks and 13 weeks, specimens are explanted and analyzed with SAXS (B) to extract

the spatial variation of bone porosity ¢wp (solid lines) and collagen fibril orientation 6 (dashed lines)

averaged in 10 pum thick bands parallel to the implant surface (C, D).

3 Results

3.1 Response of the model to
variations in collagen fibril
orientation and porosity

The evolution of the elastic tensor of the tissue C*
was computed as a function of the collagen fibrils
orientation 8 (0° < 6 < 90°) and for three different
values of ¢y p: 8% (mature cortical bone), 65%,
and 84% (bone during healing time) (see section
2.3.4) (Fig. 3). Additionally, Fig. 4 shows the evo-
lution of CT as a function of bone porosity ¢w p
(0 < owp < 100%) for different values of collagen
fibrils orientation 6 = 0°, 45° and 90°.

When ¢w p increases, the values of each com-
ponent of the elastic tensor of the bone C”
decrease (see Fig. 4), and, in particular, the value
of C}, decreases faster than for the tensile elas-
tic tensor components (i.e. C1,CL,, and CL),
which is explained by the fact that the pores are

filled with water, which has a lower stiffness com-
pared to the ultrastructure and for which the shear
components are equal to zero.

For a given porosity, CZ; is maximum when
0 = 0° i.e. when the principal axis of the collagen
fibrils is aligned with the ez-axis. When the prin-
cipal axis of the collagen fibrils is aligned with the
ez-axis (i.e. for = 90°), the behavior depends on
the bone porosity. For low porosity, i.e. oy p = 0%
to 15%, C%L, > CIL;, while for higher porosities
(dwp > 15%), CL < CZL, which is in agree-
ment with the behavior of the phases at the lower
scale, i.e., the ultrastructure. For a low value of
dwp, i.e. a high content of ultrastructure, the
anisotropic behavior is dominated by the colla-
gen fibril orientation. Moreover, when ¢wp = 0%,
i.e., the only phase is the ultrastructure, CJ, is
higher than CZ; for 6 > 45°, which indicates that
the stiffness is conditioned by the collagen fibril
orientation only. In contrast, when ¢y p is high,
the effect of the orientation of the collagen fibrils
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diminishes, which results in a low variation of the
bone elastic tensor as a function of 6.

Regarding C}; (see Fig. 3), it is maximum
when 6 ~ 45° since at this point, the collagen fib-
rils are aligned with the principal stresses obtained
with a pure shear load (Kaw, 2019).

Tensile components
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Fig. 3: Variation of the components of the elastic
tensor of the tissue at the macro scale as a func-
tion of the collagen fibrils orientation 6 for three
different values of bone porosity ¢w p: 8% (mature
cortical bone), 65%, and 84% (bone during heal-
ing time)

3.2 Analysis of the bone-implant
interface

The variation of the elastic tensor of the tissue
CT was computed as a function of the distance
from the implant based on experimental data (see
Fig. 2C, D). Different scenarios were tested: the
effect of a variation of i) bone porosity ¢w p alone,

Collagen fibril orientation 6 = 0°

Elastic tensor component (GPa)

Bone porosity ¢,

Collagen fibril orientation 6 = 45°

Elastic tensor component (GPa)

Bone porosity Owp

Collagen fibril orientation 6 = 90°

Elastic tensor component (GPa)

00 0.‘1 0‘2 0.‘3 O.‘4 O.‘5 0.‘6 0.‘7 0.‘8 0:9‘_ -';
Bone porosity ¢,
Fig. 4: Variation of the components of the elastic
tensor of the tissue at the macro scale as a function
of bone porosity ¢w p for three different values of
the collagen fibril orientation 6: 0°, 45°, and 90°

ii) collagen fibril orientation € alone, and iii) ¢w p
and 6 combined (see Fig. 5). When analyzing the
effect of a variation of ¢y p alone, the collagen fib-
rils were considered aligned with the pores (6 = 0).
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When analyzing the effect of a variation of colla-
gen fibril orientation alone, ¢y p was set as the
average value in the bone chamber (¢wp = 84%
for 7 weeks and ¢y p = 65% for 13 weeks). Only
components in the plane of the cross-section of the
analyzed implants and for whom the collagen fib-
ril orientation and ¢y p have a significant effect
were considered (i.e. Cly, CL; and C1).

The variation of the elastic tensor components
as a function of the distance from the implant is
similar when considering variations of ¢y p alone
or when considering combined variations of ¢y p
and 6 (see Fig. 5). In both those cases, the spatial
mechanical responses globally follow the spatial
variation of the bone porosity (see Fig. 2). At
7 weeks of healing time, the maxima of all com-
ponents are located at 20 um from the implant,
while the minima are in the ROI furthest from
the implant (200 pum), towards mature bone. At
13 weeks, all minima have moved to the ROI clos-
est to the implant, and all maxima are at 40 um
from the implant. There is no variation of the elas-
tic tensor components when only 6 varies, for a
given ¢Wp.

The tissue elastic tensor is shown to be mostly
orthotropic with 0.1% < ¢ < 1.1% and cpon =
0 (see decomposition in Fig. 6). At 7 weeks of
healing time, the isotropic symmetry is almost
constant, with a mean value of 91 % and a stan-
dard deviation of 2%. At 13 weeks, the isotropic
symmetry shows a sharp decrease in the ROIs
closest to the implant, going from 97% to 84% at
30 um from the implant, and a nearly constant
value after that region, with a mean value of 86%
and a standard deviation of 3%.

4 Discussion

A deeper understanding of how the bone ultra-
structure biomechanical properties change in the
presence of an implant is essential to under-
stand why and how an implant could later loosen
and fail. This study constitutes one of the first
attempts to analyze the effect of a variation in
the collagen fibrils’ orientation on the mechani-
cal properties of the peri-implant bone using data
obtained from a micro-focused SAXS setup and
a bone chamber model. A multiscale homogeniza-
tion model was applied, leading to the estimation
of the homogenized anisotropic mechanical prop-
erties of the bone at the organ level. An originality

of this approach is that it takes into account not
only the shape of the collagen fibrils and the
mesoscopic pores but also the relative orientation
between them.

Collagen fibril orientation influence on
bone mechanical behavior varies with the
porosity

Considering the realistic bone tissue conditions
studied within this work (i.e. bone porosity
between 41% and 96% and collagen fibril orienta-
tion between 10° and 50°, see Fig. 2), the variation
of all elastic tensor components is negligible when
only the collagen fibril orientation changes (see
Fig. 5), while outside these newly-formed bone
experimental values, e.g. when considering mature
cortical bone tissue with average porosity of ~5-
10% (Gagliardi et al, 2018), the elastic tensor
components are affected by the collagen fibrils ori-
entation (see Fig. 3). As the porosity decreases,
the tissue content increases and the anisotropic
behavior starts to be dominated by the collagen
fibril orientation. Outside these conditions, the
pores, filled with water, dominate the mechanical
response.

The bone mechanical behavior evolves as a
function of the distance from the implant

The elastic tensor undergoes strong spatial vari-
ation within the bone chamber, especially at the
late healing time point when the bone is denser.
Within the first 40 pm, the values of the elas-
tic components are increased by 3 times, which
can be explained by the substantial drop in local
bone porosity observed experimentally within that
region (see Fig. 2D, solid lines). Cai et al (2019)
similarly concluded that porosity explains most of
the variations of the non-zero stiffness constants
in mature cortical bone (2 to 20% porosity). Even
when after 13 weeks bone is not mature, it can
be seen that the high porosity ¢w p variation has
a strong impact on its mechanical response. At
early time points, despite a larger spatial variation
in collagen orientation (see Fig. 2C, dash-dotted
lines), the high and stable porosity value (oscil-
lating around 84%) explains the low variation of
the tissue stiffness within the bone chamber. The
estimation of bone porosity includes not only the
porosity in the already formed bone (which has
cylindrical shapes), but also the spaces within
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implant.

the bone chamber that the bone has not yet
filled (bone is both formed and remodeled after
introducing the implant). Thus, the high poros-
ity observed at the close interface (first 40 pm) is
likely to be caused not only by the bone poros-
ity itself (cylindrical pores) but also by a low
bone-implant contact ratio. This results in the
mechanical response of the bone tissue at early
healing times being mainly that of the pores
(water-filled) and not that of the ultrastructure
(composed of a mineral phase and collagen fibers).
This limitation of the model is discussed in more
detail below.

The nano- and micro-structural changes
during healing have an impact on the
mechanical behavior at higher scales

As healing proceeds, the reduction in ¢y p reflects
both the formation of new bone and a decrease
of porosity in the previously formed bone, as the
tissue grows and densifies (Le Cann et al, 2020).
At the nanoscale, the collagen fibrils tend to align
better with the implant surface. Mechanically, the
alignment of the collagen fibrils leads to a global
increase in the elastic tensor component values
in the reference frame R(O; ej, ez, e3). More-
over, the hexagonal symmetry of the elastic tensor
increases with healing (see Fig. 6). An elastic
medium with hexagonal symmetry is equivalent
to a transversely isotropic medium (Browaeys and
Chevrot, 2004). This equivalence suggests that at
early healing stages, a combination of a higher
porosity and a stronger misalignment between
the collagen fibrils and the vascular porosity (see
Fig. 2) results in the bone tissue being isotropic
rather than orthotropic, which is the expected
mechanical behavior in mature bone (Cowin,
2001).

Limatations

Limits on experimental data. This study is
based on 2D experimental data from 8 bone-
implant specimens (n = 4 per time point) which
represent a limited dataset. However, this data
still represents the largest and most refined SAXS
study to investigate the spatial evolution of the
bone ultrastructure at the bone-implant interface.
Moreover, as only mineral crystals diffracting in
the beam direction contributed to the average
orientation measured here, the analysis is cur-
rently limited to the analyzed radial direction and
needs to be extended to other cutting directions
in the future, particularly along the longitudinal
direction, where bone presents a higher degree of
orientation (Térnquist et al, 2020).

Effect of bone mineralization Bone miner-
alization is not included in the analysis and would
be needed to clarify the mechanical response
close to the implant. It was not possible to mea-
sure the degree of mineralization of the samples
used in this work, and a constant value was
assumed for all samples and healing times. X-
ray micro-tomography is frequently used to obtain
the degree of tissue mineralization as the grey
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levels obtained in the reconstructed images are
linked to the local content of minerals. However,
such a technique is difficult to conduct close to
metallic implants due to frequent imaging artifacts
(Barrett and Keat, 2004; Tornquist et al, 2021).
Previous numerical work has shown an increase
in bone tissue stiffness with the increase of the
mineralization on cortical bone (Sansalone et al,
2010). Thus, since bone formation and remodeling
close to implants leads to significant changes in
the degree of mineralization (in particular reduc-
tion) (Allen and Burr, 2014) the assumption made
in this work can lead to an overestimation of the
tissue stiffness.

Limitation of the model. The porosity
was modeled by cylindrical canals parallel to
the implant surface. However, during bone heal-
ing, the pore shape may differ from Haversian
canals and may be composed of large cavities
filled with marrow. These cavities have irregu-
lar form and their mechanical effects might not
be suitably described by cylindrical pores. As in
the case of the degree of mineralization, account-
ing for the real shape of the pores requires a
much more detailed morphological analysis using
X-ray micro-tomography images that should be
addressed in further studies.

5 Conclusions

A multiscale homogenization model was proposed
to compute the effective elastic properties of
newly-formed bone (macroscale) as a function of
the distance from the implant, based on experi-
mentally obtained tissue structure and composi-
tion at lower scales. This method can be used to
replace the complex structure of the peri-implant
bone for a continuum model to analyze the spa-
tiotemporal evolution of bone during the healing
time. In this work, the effects of the porosity and
the collagen fibrils orientation variations on the
bone anisotropic properties in the proximity of the
implant were investigated.

The findings revealed a strong variation of the
components of the effective elasticity tensor of the
bone tissue as a function of the distance from the
implant. The effective elasticity is primarily sensi-
tive to the porosity (mesoscale) rather than to the
collagen fibrils’ orientation (submicroscale). How-
ever, the orientation of the fibrils has a significant

influence on the symmetry properties of the effec-
tive elasticity tensor. A decrease in porosity leads
to a decrease in bone isotropy and an increase in
the impact of the fibrils’ orientation.

These results demonstrate that the collagen
fibril orientation affects the effective elastic prop-
erties of the bone throughout the remodeling
process in the proximity of an implant. Collagen
fibril orientation should be taken into account to
properly describe the effective elastic anisotropy
of bone tissue at the organ scale.
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