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mechanical properties of peri-implant bone increase. Owing to the multifactorial nature of interfacial pro-
cesses, it is challenging to devise a comprehensive model for predicting the mechanical behavior of the
bone-implant interface. We propose a simple spatio-temporally evolving mechanical model - from an el-

Keywords: ementary unit cell comprising randomly oriented mineralized collagen fibrils having randomly assigned
Bone-implant interface stiffness all the way up to a macroscopic bone-implant interface in a gap healing scenario. Each unit
Stochastic modeling cell has an assigned Young’s modulus value between 1.62 GPa and 25.73 GPa corresponding to min-
Mechanical evolution imum (ie., 0) and maximum (i.e. 0.4) limits of mineral volume fraction, respectively, in the overlap

Percolation transition region of the mineralized collagen fibril. Gap closure and subsequent stiffening are modeled to reflect

the two main directions of peri-implant bone formation, i.e., contact osteogenesis and distance osteo-
genesis. The linear elastic stochastic finite element model reveals highly nonlinear temporal evolution
of bone-implant interface stiffness, strongly dictated by the specific kinetics of contact osteogenesis and
distance osteogenesis. The bone-implant interface possesses a small stiffness until gap closure, which
subsequently evolves into a much higher stiffness, and this transition is reminiscent of a percolation
transition whose threshold corresponds to gap closure. The model presented here, albeit preliminary, can
be incorporated into future calculations of the bone-implant system where the interface is well-defined
mechanically.

Statement of significance

A simple, physically informed model for the mechanical characteristics of the bone-implant interface is
still missing. Here, we start by extending the reported mechanical characteristics of a one cubic microme-
tre unit cell to a 250 pm long interface made of 1 pm thick layers. The stiffness of each cell (based
on mineral content) is assigned randomly to mimic bone micro-heterogeneity. The numerical study of
this interface representative structure allows for the simultaneous determination of the spatio-temporal
evolution of the mechanical response at local (discrete element) and global (overall model) scales. The
proposed model is the first of this kind that can easily be incorporated into realistic future models of
bone-implant interaction with emphasis on implant stability and different loading conditions.

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction long-term clinical survival of metal implants intended for perma-
nent anchorage in bone [1,2]. Several definitions exist for the term
Since the discovery in the 1960s, osseointegration has revo- osseointegration, of which most are based on the inter-relations

lutionized the fields of medicine and dentistry, with very high between the living bone and the load-bearing implant [3]. These
inter-relations rely on the biomechanical integrity of the bone-
implant interface and/or the contact quality between bone tissue
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Peri-implant healing is a dynamic process. This healing pro-
cess involves an immune response, angiogenesis, osteoprogenitor
cell recruitment, bone formation, and bone remodeling [3,4]. The
control of healing is multifactorial in nature (including implant
material, surface chemistry/topography, status of the host bone,
surgical parameters etc.) [5,6]. Bone formation occurs both from
the osteotomy border (created during implant bed preparation) as
well as from the implant surface [7]. These distinct processes are
termed Distance Osteogenesis (DO) and Contact Osteogenesis (CO),
respectively [8]. This process is accompanied by physical changes,
during which the biomechanical properties of the bone-implant
interface (e.g., the interfacial strength) are established [9]. Direct
bone apposition to the relatively stable metal implant surface, that
happens during this process, allows for effective load-transfer from
the external prosthesis to the surrounding bone tissue, thereby
enabling bone homeostasis and long-term function [4]. In other
words, the bone-implant interface is the spatial part of the system
through which all the chemical, biological and mechanical interac-
tions take place.

Bone healing, in response to different variables (implant mate-
rial, implant geometry, surface structure, loading conditions, sur-
gical procedures and healing time points), can be assessed ex-
perimentally using histology, molecular biology or analytic meth-
ods using microscopic techniques [6]. However, these experimental
studies are largely dependent on the selected model and the sensi-
tivity of the test methods and their limitations. For those reasons,
experimental work is often combined with numerical modeling in
a so-called hybrid experimental-numerical approach.

Two approaches are used: a homogenized macroscale model in
which the bone structure is replaced with a solid equivalent one,
and a high-resolution microscale model in which the minute mi-
crostructural details are included [10]. These two complementary
approached are usually applied to bone analysis without address-
ing specifically the interface. The classic homogenization proce-
dure, based on the asymptotic or Representative Volume Element
(RVE) method [11], has been used to analyze the bone structure
for three decades. However, averaging the microscale structure and
replacing it with a solid model with equivalent material properties
leads to the loss of local structural information that is important
for precise diagnosis and treatment. A recent review of bone mod-
eling approached provides a substantial literature survey and pro-
found discussion on this topic [12].

Simplified numerical models (finite element simulations) of the
bone-implant complex usually assume a perfectly bonded state,
which is basically unrealistic because the implant is never fully
bonded. Contact analyses using different frictional coefficients have
also been used to simulate different grades of integration during
the osseointegration process [13-15]. Those showed some agree-
ment with ex vivo measurements [16], but the relationship be-
tween the friction coefficient, bone quality, and the implant sur-
face roughness is still lacking and unfortunately does not include
the complex nature of the bone and its hierarchical structure.
While some of these models take into account the bone-implant
contact, i.e., the fraction of the implant surface directly abutting
mineralized bone, which is a key determinant of implant sta-
bility [17], other parameters such as implant surface roughness
(and the resulting interfacial interlocking) or the temporal evolu-
tion of stiffness of the bone-implant interface zone have not been
considered.

The true nature of the bone-implant interface remains open to
interpretation. The description considered here is that of a finite
width zone within which various highly complex physicochemical
interactions occur between the implant surface and the surround-
ing bone [4]. The ‘interface’ therefore encompasses the immediate
bone-implant boundary together with a limited volume of peri-
implant bone, which is approximately one implant radius, within
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which strain fields originating from implant loading extend radi-
ally outwards [18].

In addition to water and non-collagenous proteins, the funda-
mental components of bone extracellular matrix, type-I collagen
and mineral, form mineralized collagen fibrils (MCF) that arrange
into fibrillar arrays [19]. The mineral phase of mammalian bone
is exclusively ion substituted, carbonated apatite and no evidence
of other calcium phosphates (e.g., beta tricalcium phosphate) has
yet been reported [20]. Apart from extrafibrillar mineral that re-
sides between adjacent collagen fibrils, each individual collagen
fibril is composed of alternating gap regions and overlap regions
[21] that contain mineral. Increase in mineral content of a single
MCF leads to an increase in the Young’s modulus, strength, and
toughness [22]. But although, the strength and toughness of bone
are related to its composition and organization on the nanometer
scale [23], the mutual interaction between a dental implant and
the surrounding alveolar bone is a multiscale problem [13,24]. Mi-
cromechanical models, of the above-mentioned nature, while pro-
viding precious information at the microscale, have not been yet
extended to the macroscopic scale, using e.g., statistical modeling
assumptions.

In addition to being inherently multiscale in design, the bone-
implant interface is heterogeneous in organization. Such hetero-
geneity can be taken into account by means of a stochastic as-
signment of the Young’s modulus to the elementary MCF unit cell.
The immediate boundary at the bone-implant junction is made up
of mineralized collagen fibrils, both in human [25,26] and animal
models [27]. In the vicinity of the implant surface, mineralized col-
lagen fibrils are co-aligned with the implant surface [28], which
may be explained by the manner in which bone forming cells (i.e.,
osteoblasts) attach on to the implant surface and terminally differ-
entiate into osteocytes [29,30]. At larger distances (e.g., beyond ~40
um) from the implant surface, however, bone forming cells may be
less sensitive to the implant surface contour, and the co-alignment
is gradually lost [28,31].

It is apparent that a simple, yet physically informed model
spanning multiple length scales, from micro- to the macroscopic
scale, of the kind that could easily be implemented in numerical
studies of the bone-implant interaction, is still missing. To this end,
we describe a systematic modeling approach aimed at elucidating
the mechanical properties of the bone-implant interface and the
temporal evolution thereof. Starting at the level of the MCF unit
cell, the concept is extended to the structural interfacial scale by
means of statistical assignment of the mechanical stiffness of each
cell. The model predicts the macroscopic interfacial stiffness and
its temporal evolution as a function of mechanical and topolog-
ical changes related to peri-implant osteogenesis. This simplified,
yet physically realistic mechanical model of the bone-implant in-
terface, can be successfully implemented in future numerical mod-
els aimed at investigating the interaction of the bone with the im-
plant under various realistic loading scenarios.

2. Materials and methods
2.1. The evolving bone-implant interface model

The dimensions of the cuboid bone-implant interface model are
set to 50 x 50 x 250 pm3, divided into three distinct evolving
regions: CO region, gap zone (unmineralized region) and DO re-
gion. The length of each zone evolves gradually as a result of the
progression of CO and DO regions and subsequent shrinkage (and
closure) of the gap region. The model, as illustrated (Fig. 1a), is
based on the following three main assumptions, noting that we use
the terms unit cell and finite element, both having identical mean-
ing and being unrelated to a biological cell.
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Fig. 1. (a) Schematic representation of the finite element bone-implant interface model. (b) Schematic representation of the kinetics of peri-implant osteogenesis. (c) Unit
cell of mineralized collagen fibrils. (d) Regular mesh structure. (e) Boundary conditions (BC) of the model.

1 The minimum and maximum Young’s modulus values for the
MCF unit cell are obtained from a sub-micron level model
where MCFs have been idealized as straight cylinders (100 +
5 nm in diameter), randomly oriented with a dispersion of +
15° with respect to the long axis of the cylinder [32-34].

2 The kinetics of bone healing (Fig. 1b), are assumed for each di-
rection of peri-implant osteogenesis, namely CO and DO [35].
CO extends away from the implant surface and progresses at
a rate about 30% faster than DO, which progresses in the op-
posite direction (i.e., towards the implant surface), with rates
set initially to 3 pm/day and 2 pm/day, respectively [7]. Two
additional scenarios were simulated where, at constant DO (2
pm/day), CO occurs either at the same rate as DO (2 pm/day)
or slower than DO (1 pm/day).

3 The kinetics-coupled evolution of the bone-implant interface
stiffening is assumed to start from the most compliant initial

state (at day 0) up to the stiffest state, in steps of 10 days, since
the healing time for the implant takes up to about 6-12 weeks
[36].

The length of the evolving bone-implant interface, 250 pm ini-
tially, is based on the depth of a typical screw-shaped M2 im-
plant used in rats, which is then the longest span that CO and
DO regions should collectively bridge. The cross-section of the
evolving interface, 50 x 50 pm?, is more arbitrary but approxi-
mated to the length scale at which osteoblasts connected by gap
junctions as a cohort of cells (50-100 pm in diameter) [37]. At
such distances, osteoblasts function together as a group and the
extracellular matrix can be assumed to have all been deposited
within a short span of time and therefore mineralized to a similar
extent [38,39].
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The unit cell (or mesh seed, the common technical name for the
typical element size) was set to 1 x 1 x 1 um3 (Fig. 1c), result-
ing in a total of 625,000 C3D8R elements in the model (Fig. 1d).

In another words, there are 250 layers between the two ends,
and each layer has 2,500 (50 x 50) elements. Free boundary con-
ditions are applied to the four side faces (Fig. 1e). One end (to-
wards the native bone) is fully constrained, and the other end (to-
wards the implant surface) is subjected to a constant 1 MPa tensile
stress. Note that any other value could have been selected as long
as the model remains linear elastic.

In the absence of reported measured Poisson’s ratio for the
MCF, the latter was arbitrarily set to 0.3 based on analytical cal-
culations on MCF arrays [40]. The Poisson’s ratio of 0.3 is well ac-
cepted since the sensitivity of this value is minimal [41] such that
by varying it between 0.2 and 0.4, the E values for bone change
only by ~8% [42].

All the simulations were solved using the commercial finite el-
ement program Abaqus (version 6.14, Simulia, Providence, RI) [43].
Multiple simulations were run in 10-day increments using 4 CPUs,
and each case takes roughly 2,000 s CPU time. At constant DO (2
um/day), varying CO (3 pm/day, 2 pm/day and 1 pm/day) required
between 11 and 17 simulations.

2.2. Determination of Young's modulus

Adapted local Young’s modulus values were extracted from the
MCF model of Wang and Ural [33], based on structural and com-
positional parameters. The computed Young’s modulus, E;, of the
MCF unit cell is a function of the mineral volume fraction of the
overlap region, @, that is E, = aeP *%a 4+ ¢ where q, b, and ¢
are curve fitting coefficients. Considering different interactions be-
tween MCFs (i.e., cohesive behavior), the Young’s modulus of the
MCF unit cell along the longitudinal direction E; ranges from 1.62
to 25.73 GPa. The detailed explanation follows.

The lowest E; would appear for the unmineralized MCF
(¢o) = 0) combined with a weak interaction between MCFs, ac-
cording to:

E, = —10.07e 2005 xba 4 11.69 = —10.07e 20950  11.69
= 1.62 GPa (1)

The highest E; would appear for the fully mineralized MCF
(¢po) = 0.4) combined with a strong interaction between MCFs, such
that:

E, = —22.92e 1205x¢a | 2591 — _22.92e"1205x04 4 759]
— 25.73 GPa (2)

Note here that the weak and strong interactions have different
normal and shear strength values, respectively. In principle, the ef-
fective critical energy release rate (not accounted for in this work)
is also different.

First, the reference modulus representing the maximum value
of E increases linearly from 1.62 GPa at day O to 25.73 GPa at
gap closure. Studies conducted by Ladd and Kinney [44] and by
Cody et al. [45] indicate that discretization of bone architecture
leads to around 20% of variance in the strength, the minimum and
maximum values of modulus in the finite element model are thus
bounded within a reasonable + 20% margin.

The assignment of E values is a two-step process. As the CO and
DO regions extend towards each other, and the gap region shrinks
(i.e., gap filling). At gap closure, CO and DO regions meet each
other and there is no more unmineralized region. From thereon
(stiffening of the closed gap), the modulus increases with time un-
til it reaches the maximum, statistically uniform value at day 100
(Fig. 1b). To each of 2,500 elements in each layer, starting at the
lowest range of values on day 0 (between 0.8 x 1.62 GPa and 1.2
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Fig. 2. The minimum-maximum range of Young's modulus of the bone-implant in-
terface over a 100-day period for CO: 3 pm/day and DO: 2 pum/day. Young's modu-
lus values EO, E10, E20, E30, E40, and E50 represent the maximum values at days
0 (1.62 GPa), 10 (6.44 GPa), 20 (11.26 GPa), 30 (16.08 GPa), 40 (20.91 GPa), and 50
(25.73 GPa).
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Fig. 3. Random material distribution for different layers of interface on day 50 at
CO: 3 pm/day and DO: 2 pm/day.

x 1.62 GPa) and gradually increasing until gap closure where the
range of moduli is maximal (between 0.8 x 1.62 GPa and 1.2 x
25.73 GPa) (Fig. 2). After gap closure, the maximum value is kept
constant while the minimum value increases linearly with time to
ultimately reach 0.8 x 25.73 GPa to mimic stiffening evolution.

Young's modulus profiles are assigned through a process of ran-
domization. The range of E values is subdivided into i classes. Be-
ginning with 10 classes on day O for the first interval of E, 10 more
classes are added for every successive 10-day period until gap clo-
sure. Beyond gap closure, accounting for decreasing range of E val-
ues, there is a decrease by 10 classes of E values for every succes-
sive 10-day period (Fig. 2). The idea behind the number of classes
is to provide a satisfactory discretization of the range of E values.

The modulus assignment algorithm is explained further by the
following example. In order to maintain full randomization, the el-
ements of each layer are first reassigned numbers in the range of

1-2,500 to avoid contiguity of elements prior to assigning the E
values. For each layer, the number of i classes depends on the ki-
netics of the healing process and varies with each day. The cross-
section distribution of selected layers at day 50 is presented to ex-
emplify the randomness of assigned E values (Fig. 3).

Therefore, the average E value (E) varies each day between E;,
and Emax, and can be expressed as:

]:: = ZaiEi (3)
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respective time-point are displayed, and all the remaining classes of E values in
between are represented in grey.

where g; is a weighting coefficient for each of the i classes, ob-
tained by dividing the number of elements within each i class by
the total number of elements in each layer. The sum of all the
weighting coefficients for each layer is always 1.

To allow for gradual stiffening, the weighting algorithm is prop-
agated linearly such that with time, any given layer contains a
higher proportion of higher E value elements. The average mod-
ulus of each 1 pum thick layer is therefore the arithmetic mean
all the Young’'s modulus values within this layer. All layers are
fully compliant at day 0. The first layers to increase in stiff-
ness are those nearest to the implant surface in the case of
CO and nearest to the native bone in the case of DO, sequen-
tially followed by successive neighboring layers. By extension to
both mutually opposite directions of peri-implant osteogenesis,
i.e, CO and DO regions, and across the entire bone-implant in-
terface model, a spatial gradient of average E values is achieved
(Fig. 4).

An overall view of the randomness of the assigned modulus can
be observed in Fig. 5 where compliant cells prevail at day 0, that
gradually but not entirely, disappear by gap closure (i.e., day 50 at
CO: 3 pym/day, DO: 2 pm/day) while being simultaneously replaced
by stiffer cells.
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3. Results
3.1. Evolution of strain distribution

The distribution of the longitudinal micro strain (exx) varies
over the 100-day period. The heterogeneity intensifies from day 0
to day 50 (Fig. 6a), then decreases gradually until day 100, where
the distribution is quite narrow and is centered at ~40 pe (Fig. 6b).

By comparing both phases, i.e., gap closure from day O to day
50 (Fig. 6a) and stiffening from day 50 to day 100 (Fig. 6b), the
peak of micro strain can be seen to shift from higher values at day
0 (exx: ~600) to lower values at day 100 (&xx: ~40), which is sta-
tistical evidence that the bone-implant interface undergoes a dy-
namic evolution from compliant to stiff. The valley between the
two peaks (exx: ~600 at day O and exx: ~40 at day 50) may be
explained by the discontinuous distribution of Young’s modulus,
attributable to the discretized classes of E values in the material
model. More classes of Young’s modulus will more precisely de-
scribe the deformation behavior of the interface.

3.2. Longitudinal strain

The longitudinal strain varies with time and evolves over the
100-day period (Fig. 7a). Since the material model is linearly
elastic, the strain map does not disclose information that differs
from the Von Mises stress map (not shown here). The material is
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Fig. 7. (a) The evolution of X-axis strain distribution over a 100-day period at CO: 3 ym/day and DO: 2 pm/day. As for the case of the stress, the strain tends towards more
homogeneity as time elapses. (b) Three views of the longitudinal (X-axis) strain distribution on day 50.

isotropic, and the same degree of heterogeneity is evident in all
three mutually perpendicular planes (Fig. 7b). The strain values are
nevertheless of interest if bone remodeling, according to Wolff's
law [46], is considered.

3.3. Evolution of resultant stiffness

Resultant stiffness (structural apparent stiffness) of the bone-
implant interface structure (Fig. 8) is calculated by dividing the
applied stress (boundary condition) by the macroscopic nominal
strain resulting from the overall relative elongation of the entire
model. This parameter represents the macroscopic mechanical re-
sponse of the bone-implant interface as a structural element of the
bone-implant system. A clear sigmoidal structure is obtained, such
that up to the point of gap closure (e.g., day 50 at CO: 3 um/day,
DO: 2 pm/day), the resultant stiffness does not increase signifi-
cantly, but after gap closure, the resultant stiffness increases sig-
nificantly and gradually levels off by day 100. A clear distinction
can be made between two states: open gap and closed gap.

In order to study further the influence of the kinetics of peri-
implant osteogenesis, two additional cases were simulated: (i) CO
(2 pm/day) occurring at the same rate as DO (2 um/day), and (ii)
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Fig. 8. The evolution of resultant stiffness at constant DO but varying CO. Solid
lines are polynomial fitting curves. Broken lines represent the slope of upward
phase. Vertical dash-dotted lines indicate the time of gap closure for the respec-
tive CO values.
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CO (1 pum/day) occurring slower than DO (2 pm/day). It is found
that for a bone-implant interface model of a fixed initial length
(250 pm), the rates at which CO and DO occur do not only influ-
ence the time needed to close the gap (day 63 at CO: 2 nm/day
and day 84 at CO: 1 pm/day), but also affect the slope of bone
stiffening during the healing process, illustrating the purely kinetic
nature of the problem, setting aside chemical or biological reac-
tions.

4. Discussion

This work develops a numerical tool to easily investigate the
mechanical properties of the bone-implant interface, as a func-
tion of increasing mineral content (or mineral fraction volume) in
the overlap regions of mineralized collagen fibril (MCF) networks
and the interaction between MCFs. The model described in this
work is limited to gap healing in relation to a screw-shaped im-
plant, where primary stability is provided by the threaded design,
and is rather general in terms of input parameters, and therefore
can be easily modified and/or adapted to include any experimen-
tal/physical evidence. In principle, various factors including implant
design (geometry and surface features), bulk material, host bone
quality, and surgical protocol will influence the kinetics of healing,
hence the rates at which distance osteogenesis (DO) and contact
osteogenesis (CO) occur.

Taking inspiration from the modeling approach of Wang and
Ural [33], our model bridges length scales ranging from the micron
scale to the macroscopic structure of the bone-implant interface.
As the first step of model development, we elaborate a represen-
tative unit cell with homogenized mechanical properties that de-
pend largely on the local mineral content (or mineral volume frac-
tion) and to a lesser extent on the interaction between mineralized
collagen fibrils as a function of their geometry and overlap. Next,
this representative unit cell is multiplied (extended) to construct
a typical, macroscopic bone-implant interface with graded proper-
ties that are modulated according to the biological information at
hand.

Each MCF unit cell is assumed to behave as a linear elastic
isotropic material. One would therefore expect the overall outcome
of the model to be linear as well, but this is not the case. Even
though the material behavior is linear, it is important to note that
the observed nonlinearity of the homogenized Young’'s modulus is
structural in essence, attributable to the kinetics of the CO and
DO. More precisely, one can observe the presence of two stages:
(i) until gap closure and (ii) stiffening evolution after gap closure.
Up to gap closure, the volume of mineralized bone increases, and
at the end of this term, the gap between DO and CO fronts is
fully closed, and from thereon, the bone continues to gain stiff-
ness gradually. Those two stages reflect clearly in the macroscopic
modulus of elasticity of the bone-implant interface model that in-
creases modestly until gap closure followed by a significant in-
crease beyond that point. The obtained E values are not only in
agreement with reduced elastic modulus (E;) values reported for
osteonal bone (~22-26 GPa) [47] but also in agreement with E; val-
ues (8.39 + 0.78 GPa) of bone at a distance of 15-150 pm from the
implant surface after one month of healing [48]. Indentation based
measurements of elastic modulus, however, are sensitive to the un-
derlying MCF orientation, where E, values obtained perpendicular
and parallel to the collagen fibril axis vary from ~11 GPa and ~24
GPa, respectively [49].

It is interesting to note that the evolution of the macroscopic
interfacial stiffness is reminiscent of well-known physical phenom-
ena such as phase transition, based on volume fractions of com-
pliant/stiff cells, or percolation involving cluster connectivity. For
phase transition, one would expect the weak-to-strong transition
to be more gradual, based on some sort of (linear) rule of mix-

[m5G;July 8, 2021;21:20]

Acta Biomaterialia Xxx (XXXx) XxX

tures of each phase. Since the transition is not gradual, we will
retain here the percolation hypothesis, a graphical illustration of
which can be found elsewhere [50]. While we did not perform a
mathematical evaluation of the percolation phenomenon, physical
insight can be gained from the distributions of the compliant and
stiff MCF unit cells. At day O, the scene is dominated by compliant
MCF unit cells that may be assumed to be interconnected as in any
random network. As time elapses until gap closure, those compli-
ant unit cells diminish in number, leading to an assumed state of
disconnection close to the percolation threshold. As time elapses,
stiffer cells appear in increasing numbers and form a strong con-
nected network. This gradual substitution of compliant unit cells
by stiffer unit cells and their spatial distribution are deemed to be
the responsible factors for the observed percolation.

The present approach allows tracking, seamlessly, each cubic
micrometer of bone throughout the process of peri-implant osteo-
genesis, the heterogeneous distribution of the mechanical proper-
ties and the evolution thereof spatially within the bone-implant
interface region and over time. While bone turnover has not been
addressed in the current work, bone remodeling approaches based
on strain for example, as exemplified by Wolff's law and alike
[51] can be easily incorporated. Importantly, the strains experi-
enced by bone (in the 30-700 pe range) are not sufficiently high
to induce a significant anabolic effect [52], however, it is important
to note that a tensile stress of only 1 MPa is being applied. More-
over, we have not included damage evolution deliberately in or-
der to keep the number of parameters to a minimum, but such an
addition is definitely compatible with the approach adopted here.
The findings reported here concern the mechanical stiffness of the
bone-implant interface, and as such, they are independent of the
geometrical dimensions of the current model but depend on the
bone healing kinetics that were assumed.

Finally, from a clinical perspective, the present results are rele-
vant for the clinical dental community in two aspects. The first re-
lates to the submerged (unloaded) initial healing time that should
elapse before a dental implant, for instance, can be safely loaded,
an issue that is still under intense debate. Within the limiting as-
sumptions of the model, it appears that the minimum amount of
time lapse is precisely that required for gap closure between CO
and DO fronts. Next, noting that the present characterization of the
interface can be used to model any kind of interface/load combina-
tion in a bone-dental implant system, one can now tackle implant
stability issues, both primary and secondary, as a reflection of the
interfacial physical and mechanical condition over time with the
resulting implant micromovements.

A key challenge that remains is to accurately model the rate
of bone mineralization, which occurs as distinct phases of primary
and secondary mineralization [53]. It is known that certain char-
acteristics of the mineral phase, such as composition (Mg content
and Ca/P ratio), crystallinity, and particle size at sites of de novo
bone formation differ substantially from the mineral at remodeling
sites [54]. Moreover, remodeling events produce distinct structures
called ‘cement lines’ that sharply deviate from adjacent lamel-
lar/osteonal bone in terms of mineral density [55]. Bone remod-
eling occurs through a combination of load-driven (to adapt the
structure to external forces) and non-mechanical (to maintain cal-
cium homeostasis) stimuli [56]. A strong inverse relationship has
been described between the frequency of loading and the strain
magnitude to induce bone formation or bone resorption, where a
loading regime of 100 cycles per day of ~1,000 pe is sufficient for
bone maintenance and higher strains are anabolic [57]. Interest-
ingly, mechanical stimulation has a strong influence on reducing
peri-implant bone resorption, but only a limited effect on bone for-
mation [58].

Such characteristics will need to be taken into consideration in
the present modeling approach in order to more accurately incor-
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porate the impact of renewal, repair, and functional adaption of
peri-implant bone. In other words, introduction of eventual remod-
eling of peri-implant bone may be less straightforward than voids
of near-negligible Young’s modulus, several tens of micrometers in
size, to appear after a given healing duration and subsequently fill
with unit cells of mineralized collagen fibrils that progressively in-
crease in mineral density. Host bone quality, for example if the im-
plant is placed in osteoporotic, osteopetrotic, or otherwise healthy
bone, can be expected to influence the mechanical behaviour of
the interface zone, in particular by the timing and extent of bone
remodeling and/or functional adaptation.

5. Conclusion

We propose here a relatively simple spatio-temporal mechani-
cal model, bridging the MCF unit cell and a macroscopic bone-
implant interface.

The linear elastic stochastic finite element model reveals a
highly nonlinear temporal evolution of the interfacial stiffness,
with two distinct periods: gap closure and gap stiffening.

Prior to complete closure of the gap between the two peri-
implant bone formation fronts (i.e., CO and DO), the interface
possesses a small stiffness that, following gap closure and sub-
sequent stiffening, evolves into a much higher stiffness.

This stiffness transition is reminiscent of a percolation transi-
tion whose threshold corresponds to gap closure.

The reported observations characterize the various kinetics of
CO/DO evolutions that only dictate the time needed for gap clo-
sure.

Potential directions for further development of the model in-
clude experimental validation of the model, modification and
optimization of the current modeling approach based on quan-
titative experimental data, and introduction of implant surface
roughness and the impact thereof on the biomechanical in-
tegrity of the spatio-temporally evolving bone-implant inter-
face.
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