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Abstract In the past years, many attempts have been made in order to model the
process of bone remodeling. This process is complex, as it is governed by not yet
completely understood biomechanical coupled phenomena. It is well known that
bone tissue is able to self-adapt to different environmental demands of both me-
chanical and biological origin. The mechanical aspects are related to the functional
purpose of the bone tissue, i.e., to provide support to the body and protection for
the vitally important organs in response to the external loads. The many biological
aspects include the process of oxygen and nutrients supply. To describe the biome-
chanical process of functional adaptation of bone tissue, the approach commonly
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adopted is to consider it as a ‘feedback’ control regulated by the bone cells, namely
osteoblasts and osteoclasts. They are responsible for bone synthesis and resorption,
respectively, while osteocytes are in charge of ‘sensing’ the mechanical status of the
tissue. Within this framework, in Lekszycki and dell’Isola (2012) a model based
on a system of integro-differential equations was introduced aiming to predict the
evolution of the process of remodeling in surgically reconstructed bones. The main
idea in the aforementioned model was to introduce a scalar field, describing the
biological stimulus regulating the interaction among all kinds of bone cells at a
macro-scale. This biological field was assumed to depend locally on certain defor-
mation measures of the (reconstructed) bone tissue. However, biological knowledge
suggests that this stimulus, after having been produced, ‘diffuses’ in bone tissue,
so controlling in a complex way its remodeling. This means that the cells which
are target of the stimulus may not be located in the same place occupied by the
cells producing it. In this paper, we propose a model which intends to explain the
diffusive nature of the biological stimulus to encompass the time-dependent and
space-time displaced effects involved in bone reconstruction process. Preliminary
numerical simulations performed in typical cases are presented. These numerical
case studies suggest that the ‘diffusive’ model of stimulus is promising: we plan to
continue these kinds of studies in further investigations.

Keywords Mechanical-biological coupling - Bone functional adaptation -
Growth /resorption processes - Bone remodeling

1 Introduction

One of the most challenging endeavors in contemporary applied mathematics con-
cerns the formulation of mathematical models for the growth and possibly for
the resorption of soft and hard biological tissues, in one word, for their remod-
eling. In this paper, we will focus on the particular case of bone tissues, even
if we believe that there are many common features with other kinds of tissues.
Therefore we expect that our results may be applicable also in slightly different
contexts. Growth and remodeling phenomena are, indeed, very complex. They in-
volve physical, chemical, and mechanical coupled interactions and can be regarded
as emerging subjects in continuum physics and biomechanics (see, e.g., Prakash
et al. (2018); Ganghoffer (2012); Taber (2009); Holzapfel and Ogden (2006); Cowin
(2001)).

In the framework of continuous field models, various proposals were formulated
to model aforementioned coupled interactions, always aiming to capture the most
relevant aspects of mechanically driven living tissue growth and reconstruction.
To our knowledge in the present literature, it is systematically assumed that the
biological stimulus remains localized where it has been produced. In other words, if
one has introduced the concept of a material particle of the continuum describing
the tissue then the biological stimulus as perceived in one material particle de-
pends on the deformation field as measured in the same material particle. A first
generalization has been proposed in Lekszycki and dell’Isola (2012); Kumar et al.
(2011); Andreaus et al. (2014b); Giorgio et al. (2016): indeed in cited papers the
stimulus in a material particle depends on a space average (in the reference con-
figuration) of the deformation in its neighborhood. This assumption seems more
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realistic but not completely satisfactory. Indeed we are aware of the difficulties in
understanding the true nature and relevant characteristics of biological stimulus,
which although plays such a prominent role in living tissue growth. The processes
of stimulus formation, propagation and reception are surely not understood in a
satisfactory way yet. However, it seems to us clear that (see, for instance, Kiihl
et al. (2000); Pinson et al. (2000); Gong et al. (2001)) a part of the biological signal
is produced by means of biochemical processes and that the produced biochemi-
cal factors which are the output of said processes are diffusing in the tissue whose
growth and resorption they are controlling. Mathematical physics has already, and
in different contexts, produced a model for this kind of diffusive phenomena. The
natural choice is, therefore, to imagine that in the growth control process one can
distinguish at least two different steps. In the first one finds the generation of the
biological signal in a certain material particle subject to a specific deformation
state at a given time instant. In the second step, the signal diffuses in space with a
certain speed (and possibly direction) thus regulating the remodeling of different
material particles in subsequent instants.

While we believe that the described approach is not present in the literature,
we believe that it may contribute to the theoretical efforts needed to model growth
phenomena. We are aware of the fact that simplification has to be searched, when
possible, and that many interesting simpler models of continua in which growth
occurs have been already proposed and carefully studied (see, e.g., George et al.
(2018b); Cluzel and Allena (2018); Allena and Cluzel (2018); Goriely et al. (2008);
Menzel (2005); Di Carlo and Quiligotti (2002); Epstein and Maugin (2000)).

Some continuum models have been imagined which introduce generalized struc-
tured continua, as those involving the concept of mixtures (Franciosi et al. 2018;
Spagnuolo et al. 2017; Ambrosi et al. 2010; Ateshian 2007), or micropolar kinemat-
ical descriptors (Goda et al. 2014; Yoo and Jasiuk 2006; Diebels and Steeb 2003;
Park and Lakes 1986), see also (Eremeyev et al. 2016; Eremeyev and Pietraszkiewicz
2016; Altenbach and Eremeyev 2015; Eremeyev et al. 2013), or deformation ener-
gies depending on the second gradient of placement (Giorgio et al. 2017a; Madeo
et al. 2013, 2012; Seppecher 2000, 1996). It is natural to imagine that their use
may be required to capture the most complex aspects of growing tissue biome-
chanics. In this paper, we will limit ourselves to consider, from the mechanical
point of view, the simplest possible model, by focusing on the complications in-
volved in considering a diffusive stimulus. We are confident that by uniting our
present approach with generalized continuum models an important step towards
the comprehension of tissue growth may be attained.

Indeed we are aware of the impressive progress in modeling bone mechanics oc-
curred in the last decades. In this paper, we exploit these results and we, therefore,
have accepted systematically the following concepts and paradigms:

(i) mechanical phenomena play a key role in bone tissue growth (Rosa et al. 2015;
Hambli 2014);

(ii) the growth of living bone tissues is controlled by a specific agent which has been
called biological stimulus: the biological stimulus in bone tissues is mechanically
driven, regulates and controls the action of some specialized cells which are
called osteoblasts (tissue producing cells) and osteoclasts (tissue destructing
cells) (Beaupre et al. 1990b; Turner 1991; Mullender et al. 1994);
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(iii) there must be a clear distinction between the process of stimulus generation
and the signal processing preceding the stimulus generation (see Lekszycki and
dell’Isola (2012));

(iv) the driving phenomenon in signal production is deformation, which can be
modeled in a more or less sophisticated way, with more or less complex con-
tinuum models (Giorgio et al. 2017a, 2016; Park and Lakes 1986; Hambli and
Kourta 2015);

(v) the biological stimulus results into a variation of the mechanical properties of
the bone (Frost 1987);

(vi) the deformation state of the tissue controls its biological activity and reactivity
(Huiskes et al. 1987; Lekszycki and dell’Isola 2012).

Many investigations have been dedicated to the aim of understanding all phe-
nomena involved in stimulus generation and stimulus activity. Its production, prop-
agation, effects on active or capable of being activated cells which are acting in
bone remodeling process (see, e.g., Komori (2013a); Bonewald and Johnson (2008);
van Hove et al. (2009); Hambli and Rieger (2012); Sansalone et al. (2013)) have
been intensively studied. At micro-level, it is possible to hypothesize that the in-
terstitial fluid flow through the lacuno-canalicular system plays an important role
in the remodeling process (You et al. 2001) as well as the number of active cells
(Rieger et al. 2011). Thus, a stimulus depending on the interstitial fluid velocity
can be assumed as done in Hambli and Kourta (2015). We claim that these inter-
esting results give us an understanding of what happens at smaller scales inside a
growing bone.

We must explicitly warn the reader here: we do not even try to model the enor-
mous complexity of growth processes which is observed at said cellular or lacuno-
canalicular level: the length scale which we call here ‘micro-level’ or ‘smaller scale’.
Instead, we are persuaded that at macro-level, it is acceptable and even reason-
able (see Chen et al. (2005); Mlodzik (2002)) to postulate that the generation
of the biological stimulus and its eventual propagation are phenomena which are
not directly and explicitly related to specific aspects of biological or mechani-
cal phenomena occurring at the smaller scale. We look for a macro-model which
is averaged enough to be able to capture the overall and global features of these
micro-phenomena which we refrain to describe. This was the spirit which animated
Lekszycki and dell’Isola (2012); Giorgio et al. (2016) where the governing equa-
tions, used to describe the mechanically driven macroscopic growth phenomena,
were postulated to be an integro-differential system incorporating the information
of overall stimulus generation in the neighborhood of osteoclasts and osteoblasts
(active cells) which are activated by the biological stimulus.

Actually, this approach does imply the concept of immediate transmission of
the biological signal as produced as a consequence of the action of sensor cells
(osteocytes) to the ‘active’ cells.

However, the proposed macro-model can be thought of as a target model in
a micro-macro homogenization process in the same spirit of Hambli and Kourta
(2015). Besides, a multi-scale modeling approach may take into account the com-
plex and hierarchical microstructure of the bone tissues (see, e.g., Rosa et al.
(2015); Hambli et al. (2011); Barkaoui et al. (2014, 2016)). To our knowledge
there is some biological evidence (Arias et al. 2018; Bonewald and Johnson 2008;
Kiihl et al. 2000) and, we believe, there is a clear logical basis, of the fact that the
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biological stimulus is first produced and then diffused before reaching its target
cells, i.e., the active cells governing growth and resorption. (see, e.g., George et al.
(2017); Spingarn et al. (2017); Stern and Nicolella (2013); Himeno-Ando et al.
(2012); Bonucci (2009)). There is evidence, indeed, of the existence of mechanisms
which govern the production of ‘signaling chemical species’, of phenomena of diffu-
sion of these species in the reconstructing tissue and of their adsorption to initiate
the activation of osteoclasts and osteoblasts.

In this paper, we cannot describe in a careful way all these complex and some-
how obscure mechanisms. Therefore we refrain to reach a detail of description
which is valid at the smaller scale and limit ourselves to formulate a model which
is i) valid at macro-scale ii) accounting for the biological stimulus diffusion during
the process of tissue remodeling and growth iii) describing the diffusive time delay
and space displacement phenomena which must be expected.

The simple ansatz which we accept is the following: at macro-level the biological
stimulus diffuses in space and time by following the rule given by Fourier-Fick
diffusion process, in which we postulate the presence of both sink and source
terms. We further postulate that these source and sink terms can be determined
by means of some specific constitutive laws in which the mechanical deformation
energy and the stimulus itself appear. By conjecturing the result of the previously
evoked homogenization process we assume that i) the stimulus production (source)
term depends on the local value of mechanical deformation energy ii) the metabolic
action which leads to the degradation of the stimulus intensity (sink) is governed
by a simple mechanism: this mechanism leads to a decay which is proportional to
the local (in space and time) stimulus concentration.

We are aware that some local aspects of the microscopic biological complexity
of considered system are completely neglected but we expect that, for what con-
cerns the considered macroscopic averaged biomechanics quantities which we have
included in our model, the postulated assumptions are descriptive of real phenom-
ena. We are confident that the obtained macro predictions are close to describing
effectively some overall biomechanics phenomena.

Referring to the wide and complex problem of the functional adaptation of bone
tissue subjected to mechanical loadings, therefore, aim of this paper is proposing
a phenomenological model at macro-scale based on a description of bone tissue
as a homogenized generalized continuum, and accounting for the evolution of the
bone mass density due to the transmission of an activation signal from the sensor
cells to the cells responsible of bone synthesis and resorption. In particular, the
proposed model focuses on the macro-level mechanism of the transmission of the
signal through a diffusive way, which averagely and macroscopically represents the
diffusion phenomena of the ‘signaling factors’, and which occurs at micro-scale,
relating the signal diffusion with the macroscopic phenomenon of the remodeling
process, or in other words relating biological phenomena with mechanical ones at
continuum level. In addition, the proposed model has been formulated aiming at
conceiving, designing and guiding feasible experimental tests able to identify the
constitutive parameters of the model, by measuring observable quantities, which
pertain to the evolution of the main global quantities interesting the present study,
namely the mass density of bone tissue, beyond the analysis of diffusion of single
signal factors at micro-scale.

To make meaningful the conceptual effort presented in this work we prepared
some numerical simulations performed with COMSOL Multiphysics®. They are
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somehow preliminary, as they describe some meaningful, but academic, situations.
They will be presented in full detail in the sequel. We believe that they prove that
the model which we propose here is really promising and will deserve our future
efforts to be developed and generalized.

2 Basic kinematical fields and fundamental modeling assumptions

We start this section, devoted to the specification of the set of fields which describe
the kinematics in the considered model, by remarking that if one wants to describe
growth and resorption in living tissues one must assume that the referential mass
density of every material particle may change in time. This observation must be
extended to include also at least the variability, in time, of material symmetry
group for each material particle, as remodeling can change its intrinsic mechanical
properties. Referential mass density and the material symmetry group are changed
by biological agents as a response to mechanical deformation induced by external
loads. Indeed, mechanical deformation triggers the biological actions of the des-
ignated cells which are present in the living tissue so that one can observe the
establishment of a self-reorganization process (Roux 1895) in the living tissue.

It is useful to reinterpret the whole bone remodeling process as a process con-
trolled by robust feedback and to study it with the methods of the theory of control
(see Frost (1987); Turner (1991)).

In the remodeling process, the mechanical properties of the living tissue are
to be regarded as the controlled quantities. On the other hand, the total mass of
bone and its distribution at the lower scale must be considered as the controlling
quantities. In other words, we can assume that the change of total bone mass and of
the macroscopic material symmetry group are changing because of the remodeling
process and as a consequence of the biological action triggered by the externally
applied loads.

In fact, in order to supply the mechanical strength needed to resist to externally
applied loads, some active cells, which can be regarded as the process ‘actuators’,
can be driven to resorb or to synthesize bone tissue. The observations made during
the remodeling process indicate that the whole system has efficient feedback which
aims to obtain an optimized distribution of bone mass (and of its structure at the
lower level) so that the most appropriate deformation pattern is maintained in
the tissue. One can say that the bone microstructure and mass results from a
‘functional adaptation’ which is attained by a process of constrained optimization.
Given the total amount of available mass, it has to be distributed in order to get the
maximum of resistance with the minimum use of living tissue. Bone mass is costly
and its cost has to be limited. However, too low bone mass leads to bone fragility
and the consequent lack of functionality must be avoided. Together with osteoclasts
and osteoblasts (the active cells adsorbing and constructing bone tissue), one finds
in the living bone also another type of cells: osteocytes. They are sensors which
detect the biological stimulus, i.e. the feedback signal in our scheme from the
theory of control, which is a consequence of the current mechanical deformation
state. This signal has to be compared with a certain threshold, i.e., a certain
interval of set-point values for the stimulus. The difference (or as it is called in
the theory of control: the error) between the measured stimulus and the threshold
values is the biological ‘command’ used to initiate the action of actuator cells.
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We summarize the whole previously described process in the feedback diagram

presented in Fig. 1.

REMODELLING PROCESS
Hormones,
nutrients,
oxygen Mechanical loads
l ‘Error’ signal:  Control ‘device’ l
Biological Current output:
Reference input: - command O eoblaet mechanical properties
desired ) and ———> Bone tissue —>
mechanical Osteoclasts
state +

Sensor network

Osteocytes

Acquired Feedback
mechanical e

state

Fig. 1 A feedback control scheme to represent the biological activity involved in the remod-
eling process.

The analysis which we present in this paper for the bone remodeling process

is based on the following limiting assumptions:

1.

The model used for bone tissue is not sophisticated enough to distinguish
among the different possible kinds of bone tissues: in other words, it is not
distinguishing among woven, trabecular or compact bone tissue, etc. We are,
however aware of the fact that growth and resorption have different rates for
said different kinds of bone tissues. On the other hand, we are persuaded that
the described feedback control mechanism has the same fundamental features
in every bone tissue (Turner 1991).

We choose a unique characteristic time for the complex bone remodeling pro-
cess: it is fixed to have a value in the interval 120-200 days. This choice is
suggested by the fact that the longest period seems to be that characteristic of
trabecular bone, while it is believed that this time interval gives the average
duration of a complete and single turnover cycle (Agerbaek et al. 1991; Eriksen
2010).

All kinds of bone tissue are assumed to be well described by the model given
by a non-linear elastic (Davy et al. 1999; Morgan et al. 2001) or viscoelastic
(Gottesman and Hashin 1980) porous (Cowin 1999; Smit et al. 2002) material.
The material symmetry group and all other properties of these materials de-
termined by the bone internal microstructure (Eremeyev and Pietraszkiewicz
2016) are determined as a consequence of the action of only the three types of
cells already described, that is osteoblasts, osteoclasts, and osteocytes.

The osteoblast and osteoclast, i.e. the actor or actuator cells, are the living
entities which are determining the synthesis or the resorption of bone tissue,



Ivan Giorgio et al.

10.

11.

12.

13.

respectively. Their activation is controlled by the biological stimulus. This stim-
ulus is produced by the third kind of considered cells: the osteocytes, which are
also called the sensor cells (Turner 1991; Katagiri and Takahashi 2002; Matsuo
and Irie 2008).

In fact, osteocytes are producing the ‘feedback signal’; in our control process. It
is assumed to be mainly produced as a response of the density of deformation
energy. This assumption has been already discussed in the introduction and it
is based on the hypothesis that deformation energy can be regarded as a good
macroscopic indicator of the microscopic mechanical state, which is reliable
independently of the true nature of the more fundamental mechanism deter-
mining the osteocytes response. This mechanism is being still debated and may
not be unique. (Aarden et al. 1994; Santos et al. 2009; Komori 2013b; Graham
et al. 2013). It is however unanimously accepted that osteocytes are organized
in a network of cells interconnected each other by means of dendritic processes,
namely protuberances, and they are completely surrounded by mineral bone
and placed in appropriate cavities, namely lacunae and canaliculi (Burger and
Klein-Nulend 1999).

The quantity of osteocytes which are active in a single ‘material particle’ of
the used continuum model is related to the mass of the bone tissue present in
a unit volume (Mullender et al. 1996; Baiotto and Zidi 2004). Moreover, when
a certain material particle is in a certain state of deformation, the amount of
signal inside the same material particle increases with the number of activated
sensor cells.

We assume that the said increasing dependences are both linear: that is the sig-
nal is proportional to the number of activated osteocytes and that the number
of osteocytes is proportional to the bone mass density.

The intensity of the signal, as produced by some osteocytes, decreases with the
distance between actor cells and osteocytes (Mullender et al. 1994).

The actuator cells receive all signals which reach them sent by surrounding
sensor cells (Matsuo and Irie 2008).

The reference signal or the set-point is assumed to be regulated by hormone
activity or by the presence of oxygen and nutrients (Bednarczyk and Lekszycki
2016; Lu and Lekszycki 2018).

Living bone tissue can be resorbed or synthesized, because osteoblast and os-
teoclasts are always present together with osteocytes. However, the sensor cells
can be located only in a real living tissue and not in artificial graft, then in
artificial grafts, the stimulus is not produced and therefore, in absence of stim-
ulus diffusion, the only activated cells are osteoclasts: as a consequence, arti-
ficial grafts can be resorbed at higher rates than living tissue (Lekszycki and
dell'Isola 2012).

The density of actuator cells available in a material particle depends on the
local value of porosity of (possibly reconstructed) bone tissue. If the bone tissue
has a current value of its porosity which is close to the maximum possible then
the density of active osteoclasts or osteoblast is vanishing. Indeed, these cells
can act only when they are deposited on the inner surface of the internal tissue
pores. If the amount of surface available to the adhesion of actor cells is too
small neither resorption nor creation of bone tissue is possible. On the other
hand, actuator cells are absent when the porosity is vanishing: in fact, in this
case, there is no space for the presence of active cells. As a consequence, it is
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possible to conjecture that there is a value for porosity which is optimal, for
what concerns the largest available number of actor cells which can act (Martin
1984; Beaupre et al. 1990a).

The model which we present in this paper incorporates the aforementioned
assumptions. They surely limit the range of its applicability. On the other hand,
the simplifications which are made possible by their use allow for the formulation
of effective numerical codes, whose predictive capacity will be discussed in what
follows.

Assuming that the material body, described as a continuum, is the model
of a certain class of living bone tissues, we consider the following kinematical
Lagrangian fields, all to be evaluated in the position X belonging to the three-
dimensional Euclidean space & (see Lekszycki and dell’Isola (2012) for more de-
tails):

a) the Lagrangian bone tissue macroscopic mass density o(X,t). Its value gives
the mass density of the bone but referred to the whole Lagrangian volume
occupied by it: this volume includes both the empty voids and the regions
occupied by the bone. For this reason one can call it: ‘apparent’ Lagrangian
bone mass density.

b) the Lagrangian bone tissue porosity ¢(X,¢). It is the fraction of the Lagrangian
volume which is actually ‘empty’ (at the small scale), i.e., not being occupied
by bone tissue;

c¢) the biological stimulus &(X,¢). We assume that the results of the biological
feedback of living tissue can be represented simply by a scalar field. Its value
at the position X and at the instant ¢ is an estimate of the activation signal
produced by the sensor cells and then transmitted to the actor cells, that is
osteoblasts, responsible for synthesis of bone tissue, and osteoclasts, responsible
for resorption of bone tissue.

d) the scalar field #(X,t), which represents the volume density of strain (or
deformation) elastic energy stored at the point X and at the instant ¢ in the
bone tissue. It is the energy which is used in (locally) deforming the bone tissue
starting from the reference configuration —which we assume stress-free— into
the configuration at the instant ¢;

e) The Lagrangian density of osteocytes doc(X,t). It is the number of sensing
cells which are alive in the Lagrangian unit volume. These are the cells which
can really ‘estimate’ the mechanical deformation state of bone tissue, can pro-
duce the feedback signal and effectively send it ‘towards’ the actuator cells.

Lagrangian fields are not sufficient to describe completely the deformation state
of a body. We must, therefore, related the just defined scalar fields

o(X,t), (X,t), 6(X,t), #(X,t), doc(X,t) (1)

to the reference configuration. It is, indeed, necessary to link them to a kinematics
of bone tissue described in terms of placement from a given reference configura-
tion. The conceptual framework in which we are operating is that which is called
the finite elasticity of continua endowed with microstructure. Once specified the
reference C* and the current C; configurations to define the ‘stress-free’ config-
uration used to label material particles and their configuration at the instant ¢,
the placement of the body ‘bone tissue’ in the Eulerian & space of positions is
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given by the mapping x, which is assumed to be a function which is continuous,
differentiable and one-to-one:

x = x(X,t), (2)

where with  we denote the position occupied by the material particle labelled by
X belonging to the bone tissue at instant ¢. The following standard notation is
used:

F = Grady, J=detF, 2G=F'F-1 (3)

where i) with the symbol F we denote the so-called gradient of placement or defor-
mation gradient, ii) with J the determinant of F": it describes the volume variation
in the transformation from Lagrangian to Eulerian configurations, iii) with Grad(-)
we denote the gradient operator when using the Lagrangian coordinates, iv) with
G we denote the Green-Lagrange deformation (strain) tensor, and v) with I the
identity tensor.

Remark that linearity in small strain for bone tissue is sometimes regarded
as a too much simplifying assumption, since experimental evidence reported in
literature as Morgan et al. (2001); Davy et al. (1999) leaves open the possibility
of considering non-linearities. Indeed, we remark that a non-linear behavior has
been observed even at small strain, namely below 0.4 %, in a range which can be
considered important from a clinical and biomedical point of view (Morgan et al.
2001). This behavior may be probably due to hierarchical and complex structure
of bone as well as to the presence of micro-cracks inside the bone tissue that can
trigger nonlinearities (Davy et al. 1999; Giorgio and Scerrato 2017).

The placement function specified in Eq. (2) gives the conceptual basis of the
Lagrangian description of the kinematics of bone tissue.

Of course the material frame-indifference of deformation energy is a necessary
requirement. Therefore, we must assume that % must be a function of x (X, t) via
the Green-Lagrange strain tensor G only.

We recall that our description of bone tissue biomechanics is formulated at
a macro-level i.e. at a larger scale. One should need a careful homogenization
procedure for deducing such a macro-model from a micro-model including all the
lower scale biomechanics phenomena which may be known. We refrain from this
for two reasons: i) clearly not all relevant micro-phenomena are fully understood
or known ii) the complexity of micro-phenomena have macroscopic effects which
(hopefully) can be simplified in overall average behavior. We try to describe this
last simplified behavior with a direct macroscopic approach, which, however, tries
to take into account the most relevant aspects of micro-phenomenology.

At higher scale level, therefore, we have introduced the porosity field, as an
extra kinematical descriptor. Moreover, we will assume to be able to conjecture
the results of said ‘homogenization’ procedure for getting an expression for defor-
mation energy in terms of ‘microscopic’ phenomena occurring at a smaller scale
(see Section 5). In order to be able to formulate such a conjecture, we will need to
introduce a specific extra kinematical descriptor.

In poromechanics (see, e.g., Lurie et al. (2018); Khalili and Selvadurai (2003);
Misra et al. (2015, 2013)), and coherently to what done in the Biot model, we
introduce the Lagrangian field {(X,t) defined as the change of the effective volume
of the voids per unit volume in the transformation from Lagrangian to Eulerian
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configuration. In formulas

where, as already assumed before, the superscript * refers to the reference con-
figuration. It is well-known that reference configuration is to be specified clearly,
as it constitutes the domain in which all kinematical fields are to be defined. The
present case which deals with the process of bone remodeling does not represent
an exception to such a general rule.

Moreover, we have chosen a Lagrangian (that is referential) description be-
cause it is surely the most suitable also when the problem of getting computational
predictions is confronted. Lagrangian description has to be preferred to Eulerian
description in general, as this last description needs time-varying domains of defi-
nition of all involved fields.

3 The evolution equations for bone mass describing in remodelling
process

For the sake of simplicity, in this section, we postulate an evolution equation for
bone mass density without deriving it from a variational principle. This important
conceptual step will be formulated in future works. Here we simply remark that the
evolution equation which we formulate below should be deduced from a Hamilton-
Rayleigh principle by using a suitable dissipation functional.

Our approach follows the now standard approach which determines the evo-
lution of the Lagrangian bone mass density by means of a first order ordinary
differential equation (see Beaupre et al. (1990b); Mullender et al. (1994); Lekszy-
cki and dell’Isola (2012)). In this way, we believe to be able to capture the most
important features of the bone adaptation process even if we are aware that it is
much more complex. The postulated evolution rule for the Lagrangian apparent
mass density is:

%0 _ a®.¢) 5)
ot ¥
In the previous equation (5) on the RHS a function A appears. It is assumed to be
able to account for some phenomena which are of purely biological nature, some
mechanical interactions and some interactions involving mechanical and biological
couplings.

Indeed the rate of change of the mass density is postulated to be driven by the
biological stimulus, &. The stimulus is influenced by the osteocytes which respond
to the current mechanical configuration which they sense. The osteocytes produce
a source of biological stimulus which diffuses in the bone tissue. On the other
hand, the cells activated by the stimulus need to deposit on the internal surface
of the bone pores to start their action. It is indeed the specific available surface
of bone (Martin 1984) which is the place where the resorption or the synthesis of
bone tissue can occur. We assume that this specific available surface is determined
as a function of the current ‘effective’ porosity. With effective porosity we mean
the fraction of porosity which is indeed involved in the deposit of active cells and
is therefore really involved in the remodeling, growth and resorption, process.

It is clear that the effective architecture, at the lower scale, of the bone tissue,
is very relevant in the determination of specific surface available to cell deposit. In



12 Ivan Giorgio et al.

the literature, it is observed that there are, in bone tissue, different kinds of poros-
ity (Cowin 1999) and this classification is an important feature in the evolutionary
phenomenon in study. It has been, indeed, observed that namely osteoblasts and
osteoclasts, can be effectively activated only on some specific surfaces produced by
the inner porosity on the bone tissue: we refer, in particular to the inter-trabecular
surface (on saucer-shaped Howship’s lacunae (Clarke 2008)) when dealing with the
cancellous bone, to the Haversian canals or to the endosteal or periosteal surface
(inside the so-called ‘cutting cones’) for cortical bone (Harrison and Cooper 2015).

The most fundamental property to be accounted for is therefore exactly the
bone porosity, as it is exactly the presence of porosity which permits to the bone
tissue to be biologically active. Indeed not only the presence of porosity allows for
the possibility to deposit active cells but also it allows for the diffusion of the said
cells (or of their biological precursors) through the bone tissue so that they can be
activated where they are needed. Finally, porosity allows to the nutrition supply to
be made available where it is needed allowing for the building of the transporting
vascular network. For this reason, in the macroscopic model which we propose
here, a main role is attributed to the scalar field describing bone tissue porosity.
The previous considerations motivate the following choice for the structure of the
function A:

A(S,¢) = a(6)H(p), (6)

In the previous equation (6) the function a(&) is designed to calculate, when the
current value of porosity allows such production, i.e. the production (or resorption)
rate of the bone mass density. For clear phenomenological reasons, it is assumed
to be a piece-wise linear function of the local, in space and time, value for the
biological stimulus.

On the other hand, the function H triggers said production rate, by supplying a
suitable weight term. Its role consists in allowing for the calculation of the specific
available deposit surface. In other words, the function H supplies, at the macro-
level, the needed geometric information from the microstructures architecture of
the bone tissue which is being remodeled. We assume that a specific regularity in
such architecture can be recognized so that the shape, and therefore the area, of
internal deposit surfaces, can be uniquely determined, for physiologic reasons and
for each kind of bone tissue, as a function of the current porosity.

To be more precise, we will assume that the function a(&) is given by the
formulas:

sp (S(X,t) — P5) for 6(X,t) > P,
a(6) =<0 for PX, < 6(X,t) < P, (7
m (8(X,t) — Pr)) for &(X,t) < P’,

We believe that it is important, also in the simplified context of the model
which we present here, to introduce the concept of ‘lazy zone’ (see, e.g., Beaupre
et al. (1990a); Ruimerman et al. (2005); Giorgio et al. (2016)) as a factor which
influences the biological stimulus. Indeed it has been observed that there is an
interval in the values of biological stimulus in which the activation of osteoclasts
and osteoblasts does not occur. The feedback system active in bone remodeling
is, in a sense, stabilized by this lazy zone. There are situations in which the bone
tissue behaves as if it were well adapted to the external loads and therefore it has
not the tendency to change its structure.
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The lazy zone is an interval characterized by two thresholds P and P? . The
first threshold is the relative to the resorption process and the second to bone
tissue synthesis. This interval characterizes the so-called homeostatic physiologic
equilibrium configuration for the bone tissue.

The constitutive parameters s, and rp, can be possibly different one from the
other and represent respectively the synthesis rate and the resorption rate for
given bone tissue. It is not useless to remark that the equation governing the bone
mass production or resorption has a structure similar to the equation which is
governing the velocity of a phase interface in the theory of phase transition (see,
e.g., Abeyaratne and Knowles (2006); Berezovski et al. (2008); Engelbrecht and
Berezovski (2015); Eremeyev and Pietraszkiewicz (2009, 2011)). This circumstance
should not surprise too much, however, if one thinks at the deposit mechanism
of active cells which has been discussed before. Bone mass is growing exactly
because of an interface between calcified bone tissue and the other components
of bone tissue, those which fill its porosity space. To make our analysis more
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Fig. 2 The specific ‘effective’ surface function H(¢p).

specific, we estimate heuristically, the function H by calculating the available
surface for a cellular square lattice, which is assumed to be able to represent
faithfully enough the bone trabecular pattern. The obtained results, using different
values of porosity (see for more details Giorgio et al. (2016)) are depicted in Fig. 2).
In conclusion, the function H must be postulated to give the specific ‘effective’
surface which plays a role in the remodeling process. For trabecular bone tissue, we
expect that the curve depicted in Fig. 2 reflects the effective geometrical situation
of bone microstructure. Remark that in the said figure there is a zone between the
vanishing porosity value and the porosity value from which the plotted function
has non-vanishing values. This interval of porosities refers to a bone tissue which
we can call ‘cortical bone’. The value of porosity for compact bone, ¢ = 0.166,
is based on experimental data (Martin 1984). For purely computational reasons
we will consider, for the cortical type of bone tissue a small and non-vanishing
positive value for the function H. This is needed for not inhibiting completely the
remodeling process when the trabecular bone becomes cortical.
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3.1 A generalization of a previous model in which stimulus did not diffuse

It is clear that the most important concept in our modeling procedure regards the
biological stimulus and the modalities in which it is produced starting from the
mechanical configuration of the bone tissue.

We start by recalling that it is widely accepted in the literature that the osteo-
cytes embedded in a given portion of bone tissue produce, as a response to mechan-
ical deformation, a signal. This signal, when it is received, activates osteoblasts
and osteoclasts. Of course, the signal can be received only in a neighborhood of the
osteocytes’ location. The questions arise: How is the signal triggered by mechani-
cal deformation? How far is traveling the signal? In which time interval does the
signal reach a certain target cell? Several possible simplifying assumptions have
been proposed to give an answer to these questions. Each of these set of assump-
tions produced a mathematical algorithm to be used for calculating the scalar
field modeling the biological stimulus. Some algorithms base their calculations on
the estimate of the value of deformation energy, others start from the comparison
of the current values for stress or strain with suitable effective values. In other
more sophisticated models, it is introduced a measure of bone tissue damage and
the signal production is related to this damage level (see for more insight on this
subject Prendergast and Taylor (1994); Hambli (2014); Hambli et al. (2015) and
also Placidi et al. (2018b,a); Placidi and Barchiesi (2018); Contrafatto and Cuomo
(2006); Cuomo et al. (2014)).

Simply for heuristic reasons, and being ready to generalize suitably the model,
we follow the choice made in Lekszycki and dell’Isola (2012). In that paper, the
stimulus has been represented, in an integral way, as a functional of the strain
energy density #. To be more precise the signal received by each actuator cell
is assumed to be the integral of all signals produced by the surrounding osteo-
cytes. Of course, ‘far’ osteocytes are assumed to have a lower influence than closer
osteocytes.

The functional used to calculate the perceived signal is therefore characterized
by two weight functions: i) the density of osteocytes, doc (Lekszycki and dell’Isola
2012) and ii) and a function, K(X,Y,t,7), which accounts for the influence of far
(in space and time) osteocytes on a given material particle of bone tissue.

The implicit assumptions accepted here are: i) the number of present osteocytes
is assumed to be proportional to their overall activity; ii) the function K (X,Y, ¢, 7)
is sufficient to characterize the influence in space and time of each of the active
group of osteocytes.

The functional postulated for calculating the biological stimulus which is the
response to the mechanical deformation state is:

G(X,t)://K(X,Y,t,r)“/ﬂ(Y,T)doc(Y,T)deﬂ (8)
0 v

In this equation V* is the volume occupied by the bone tissue in the chosen
reference configuration, ¢ is the current time instant, 7 is a dummy integral variable
denoting time, Y is the variable characterizing the location of considered signaling
cell and X is the location where the signal may be able to active osteoblasts or
osteoclasts.
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Mathematically speaking & is the result of a non-local interaction, of the kind
already studied by Piola (dell'Isola et al. 2015). This modeling procedure is some-
how standard and it is used in viscoelasticity and in the so-called non-local elastic-
ity. Of course, some further relations are needed to make our modeling algorithm
well-posed. There are some relationships among macro-fields which need to be
postulated as a consequence of some features of considered systems which can be
perceived only al lower scale. Refraining, once more, from any effort to introduce
any homogenization procedure we postulate some constitutive relations as follows.

The constitutive relation allowing for the calculation of the density of sensor
cells is assumed to be:

doc =n(1—-¢"), 0<n<l, 9)

In the last equation (9), 7 is a further constitutive parameter. As just formulated
constitutive equation assumes that the osteocytes are uniformly distributed in the
bone tissue, so that their number is proportional to the volume fraction occupied
by living bone tissue, the interpretation of the coefficient 7 is immediate. We
conjecture that each kind of bone tissue will be characterized by its own value of
this parameter.

If one assumes that there is an instantaneous transmission of the biological
signal, its algorithmic expression can be simplified. This assumption implies that
the transmission time scale can be neglected when compared with the character-
istic time of the whole bone tissue growth-resorption phenomenon. In the case of
instantaneous transmission the stimulus functional assumes the form:

S(X,1) = /k(X,Y)V/(Y,t)doc(Y,t)dY, (10)

V*
In the last equation the weight function k(X ,Y’) has not any explicit dependence
on time. It has to be a decreasing function of the distance between X and Y.

In the literature, one finds (Mullender et al. 1994; Lekszycki and dell’Isola 2012;
Andreaus et al. 2014a) at least two of such functions

Ix-v| Ix-v|?

E(X,Y)=e D or k(X,Y)=e 207 . (11)

The introduced D plays the role of a novel characteristic length-scale, which con-
trols the phenomena of signal perception.

It is now suggestive to notice that all the previously discussed influence func-
tions have a lot of similarities with the Green function for the heat equation, both
in their structure and in their properties.

4 A particular model of stimulus diffusion

The natural way for describing the process of exchange of signal from osteocytes to
the actuator cells is to consider that the signal is diffusing in the bone tissue and
that osteocytes excite the diffusion by means of the production of some source
of signal. Mathematically speaking this is equivalent to state that the integral
functional (8) or (10) must be replaced by the operator which solves a diffusive
evolution equation.
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This assumption has several advantages: i) its biomechanics and physiologi-
cal interpretation is immediate and can be related to the diffusion of chemical
species inside the bone tissue ii) from the computational point of view it allows
for immediate implementation of the model.

Indeed, in many standard and commercial FEM programs, many kinds of diffu-
sive PDEs are already implemented, while, on the contrary, very often the convolu-
tion integral formulation is avoided. Moreover, by accepting to formulate a known
evolutionary equation for biological stimulus it is easier to account for possible
surface effects and to implement the correct boundary conditions.

Again it is clear that we must consider the more useful Lagrangian description,
so that the following parabolic evolution equation for biological stimulus & is

postulated

06 .

5 = Div (kVE&) + 1+ s, (12)
In the previous equation (12), k is introduced as the permeability to the biological
stimulus of considered bone tissue. Remark that in general, due to the microstruc-
ture of considered tissue, it is, in general, a second-order tensor field.

Most important is the source term postulated in the previous parabolic equa-
tion for the biological stimulus. We assume that there is a driving force from which
the stimulus is originated. It is the source r which is assumed to depend on the cur-
rent mechanical deformation. We will choose in the sequel the following expression
for said source:

r=w(e ) (G), (13)
In the previous equation (13), we have introduced the weighting function w(o").
To this function, one has to attribute a role which is very similar to the role
plaid by the previously introduce coefficient doc. More precisely to the function
w(e*) must be attributed, continuing our parallel with the ideas from the theory
of control, the role of ‘measure of the efficiency of the sensor network’.

sensor efficientcy

-05 0 05 1
normalized mass density

Fig. 3 Efficiency function of the sensor network w(o*).

In the numerical simulations which we present in this paper, the particular
form chosen for this efficiency function (see Fig. 3) is given by:

w(0") = arctan(§0") Hu(0"), (14)
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The coefficient ¢ is a signal-saturation constitutive parameter (Giorgio et al. 2017b).
The reason for which this assumption is made and the meaning of the further pa-
rameter is clear when one inspects Fig. 3. When a certain amount of sensor cells
is present, that is when a certain mass density of bone tissue is reached, then the
sensor network reaches its maximum efficiency. On the other hand, with fewer cells
(corresponding to less dense bone tissue) the produced signal fades. Useless to say:
there is no signal in the absence of sensing cells.

Remark also that in the previous equation (12) a sink term appears: it is a
field which models the action of metabolic tissue activity directed to resorb the
stimulus. A reasonable assumption for such sink term may be

s=—RG H,(6), (15)

The constant R controls the rate of stimulus resorption, while the Heaviside func-
tion Hy(-) starting from zero value has been introduced. Its presence is necessary
for reasons of mathematical consistency if one wants that the signal s remains
always negative.

In order to describe the physical meaning of the parameters introduced in the
Eqgs. (13) and (15) it is possible to resort to an interpretation of the biological
phenomena at the cell scale, and then go back to the macroscopic level through a
homogenization process of averaging. In particular, regarding the source term of
the signal r in Egs. (13)-(14), the signal formation was hypothesized to be modu-
lated by a weight function applied to the mechanical stimulus to account for the
influence of sensor cell density on signal efficiency. Specifically, it can be assumed
that in a situation of scarcity of sensor cells, the signal quality is poor, while as
soon as a certain critical density has more or less rapidly reached (rapidity is
modulated by the parameter £), the signal quality stabilizes at a constant value.
Regarding the sink term, s, in Eq. (15) it can be assumed that at the cellular level
the osteocytes, mechanically stimulated, secrete chemical, enzymatic, hormonal
and nutritive signals, the so-called ‘signaling factors’, that are released and trans-
mitted through the lacuno-canalicular system and reach the actuator cells. It can
be assumed that these signaling factors remain active for a certain time interval
even after the mechanical stimulus has ceased and are physiologically reabsorbed
(minus sign in Eq. (15)) in a finite amount of time. With reference to Eq. (15) the
parameter R, assumed to be constant for simplicity, was introduced to represent at
a macro scale the phenomena described above assuming a simple proportionality
between the sink and the stimulus. From the quantitative point of view, it can be
thought to identify the values of the parameters introduced in the Egs. (13)-(15)
(£ and R), evaluating, e.g. with reference to Fig. 5, the rapidity of formation of
the bone tissue and the value attained at equilibrium. The proposed model has
been designed with a focus on the possibility of tailoring experiments in which it is
possible to measure observable quantities (the apparent mass density of the bone
tissue) and then to identify the above parameters from the quantitative point of
view.

One can observe (observation by Cattaneo (1958)) that the diffusion equation
discussed up to now sees a signal which propagates with infinite speed. To obviate
to this difficulty, and therefore to introduce a finite signal speed propagation, one
can further modify Eq. (12). For instance, one could postulate for the evolution of
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signal the following PDE

2
t*%T? %(f — Div (kVS) + 7 + 5, (16)
in which the characteristic wave time ¢, is introduced.

The proposed diffusion model can be surely improved and better adapted to
try to catch the features observed in bone tissues. Besides, the intrinsic discrete
nature of the sensor network system of the osteocytes present in remodeling bone
may require treatment similar to the one presented in Colangeli et al. (2016, 2017)
in the context of generalizing the diffusive part of presented model Allen-Cann
type equations may be of use: for the mathematical properties of this equations
see De Masi et al. (1995).

5 A model for growing bone tissues using concepts from
poromechanics

As already announced when introducing the Lagrangian field of variation of poros-
ity, in the previous section, we will adapt the standard conceptual framework used
in poromechanics to the present situation. As in every Lagrangian postulation of
mechanics has to be done, we start by postulating an expression of Lagrangian
elastic energy density. Our ansatz is the following: Lagrangian elastic energy # is
assumed to be a function of i) the Green-Lagrange strain tensor G, ii) the change
of porosity ¢, and iii) the considered material particle X (this assumption is needed
for accounting for possible inhomogeneities. In formula

W =W (G,( X). (17)

The reader will remark that, as it is usually the case in continuum mechanics,
the postulated deformation energy is not an explicit function of time. On the other
hand, differently from what happens usually in standard continuum mechanics,
the Lagrangian mass density does evolve with time. However, differently to what
happens in the mass varying problems similar to those concerning rocket dynamics,
we can assume that the mass density variations are slow enough and therefore their
variations on inertial phenomena and on kinetic energy are negligible. Moreover, we
do not include any ‘kinetic energy’ effects related to the process of mass variations,
postponing to future investigations such considerations.

We will postulate and use a particular expression for the constitutive equa-
tion (17) being guided by the results available in the literature on porous mate-
rials. Indeed the bone, from the mechanical point of view, must be regarded as a
porous medium.

We remark that our aim here is to propose a model that, at macro-scale, is able
to describe in an average sense the mechano-transduction activity which drives the
remodeling process. Therefore, for the sake of simplicity, an isotropic expression
for deformation energy is assumed to be valid to avoid unneeded complexity in the
mechanical formulation (Cowin 1999). Indeed, some comparative studies between
isotropic and anisotropic modeling of bone show that the differences in the results
are sufficiently small and, as a first approximation, an isotropic model can be
adopted (Peng et al. 2006). We are aware that for a complete and exhaustive
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mechanical formulation an anisotropic model should be adopted but this choice
introduces only more details not much relevant at this stage of model development.
The strain-energy density which we conjecture has the following expression:

V(G,(, X) = ptr (G2) n g (trG)? + %KC ¢+ %Knl (VO)? — Kep Ctr G, (18)

where we introduce a dependence of the Lamé moduli on Lagrangian porosity
Lekszycki and dell’Isola (2012):

B B
p=po(L=9¢")"; A=l (1-¢")", (19)
In the previous formulas po, Ao are assumed to be, in general, functions of X
in order to be able to account for non-homogeneous material. We recall from the
definition of porosity that, in the presence of only bone tissue, the volume fraction
occupied by living bone tissue is

*

Q
OMax

=(1-¢") (20)

The interpretation of the quantity omax iS easy: it represents the maximum value
possible for bone density.

We have assumed (but this assumption can be easily relaxed) that the Lamé
moduli produce a constant Poisson ratio, v. As a first approximation, in what
follows we set it to 0.3. On the other hand, the Young modulus is given by the
expression

Y =Yy (1—¢%)°. (21)

Of course, the assumption of isotropic bone is not completely realistic, also
at the macro-scale which we have used for our modeling procedure. However, the
reader will agree that it is easy to generalize the previous constitutive assump-
tion to incorporate anisotropies. This generalization will be the subject of future
investigations.

In the paper Giorgio et al. (2016), it was proven that the value 8 = 2 is a
reasonable choice. Clearly, we will associate to Yp the value of the Young modulus
as estimated for the compact bone. One has to remark that the power low (21)
has some bases in the literature: indeed it has been systematically used for the
formulation of the models for cellular solids, for instance, see Gibson and Ashby
(1997); Ashby et al. (2000).

Again basing our considerations on the results from poromechanics, it is pos-
sible to estimate the compressibility stiffness K. as follows

K. = (}‘% 4 les = w}"(l(rl - aB))’ (22)

by considering the so-called drained bulk modulus of the porous bone matrix,

Y

Kar =505,y

(23)
and the bulk modulus K of the fluid which may fill the pores, namely bone marrow
or interstitial fluid. The parameter ap € [¢™, 1] is what has been called Biot-Willis
coefficient.
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The parameter K, in Eq. (18) is a modulus related to the non-local interactions
between neighboring pores and is assumed to be constant for the sake of simplicity.
It is worth noting that the term in Eq. (18) which takes into account the gradient of
the change of porosity allows us to also apply boundary conditions on the porosity
which otherwise are not sustainable. Some studies have been proposed to better
characterize the complex behavior of systems as bone tissue, see, e.g., Li et al.
(2019); Camar-Eddine and Seppecher (2001); Lekszycki et al. (2017); Misra and
Poorsolhjouy (2015); Abali et al. (2012); Chatzigeorgiou et al. (2014).

We assume that the coupling parameter K. related to the interaction between
the Green-Lagrange strain measure and the Lagrangian porosity is given by the
following expression

Kep = V/3(p*) A Ke (24)

In it the function G(¢™) is postulated to have the form

(") = % {atan [sh (<p* - %)} + atan (%)} (25)

where Ay, € (0,1] and s, are suitable extra material coefficients.

In order to get the parts of the governing equations which refers to specifically
mechanical principles for the considered continuum model, as we have argued
before, we accept that there are no inertial effects of relevance, when the loads are
applied to the bone tissue with a characteristic time scale which is the same as
the typical characteristic time of the remodeling process. We are therefore aware
of the fact that in the present model we cannot describe the growth phenomena,
induced by loads having some specific (relatively high) frequencies, which have
been observed in some clinical situations.

In order to be consistent with this assumption, we must consider applied to the
bone tissue only loads which are varying very slowly, so that one can be assured
that a quasi-static deformation process takes place.

By applying in the considered situation the Principle of Virtual Work we get
that the following variational equality

oW 4 5w =0 (26)

holds for any regular subbody B included in the considered body.
Having specified the function which assigns the density of deformation energy,
the virtual work of internal interactions is given by the expression

st — _ / Swav, (27)
B

Instead, the external virtual work, that is the work expended on virtual dis-
placements by the external loads, is given by

oWt = / 76w dS + / Z6¢dS, (28)
o B oB

In the last expression i) the symbol i, represents the surface traction on the
boundary 9;B: it expends work on the virtual displacement having components
ui, ii) the symbol =, represents the micro-structural action which is associated
with the local dilatation of matrix pores: it expends work on the virtual change of
porosity (.
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6 Forecasting capabilities of considered models: targeted numerical
simulations

The aim of this section is to prove that the theoretical efforts presented in the
previous sections give some promising modeling possibilities. Indeed we have per-
formed some numerical simulations which deal with some representative academic
cases, which can be regarded as benchmarks for future investigations. We believe
to have concluded that the actual forecasting capacities of the introduced model
are very interesting. In particular, we deal with remodeling situations in which the
mechanical stimulus guides the process in a way that the results obtained via the
proposed diffusive model of the stimulus, Eq. (12), can be compared with the pre-
viously developed non-local instantaneous model, Eq. (10), from both qualitatively
and quantitatively point of view.

We start by the consideration of the remodeling process occurring to a rect-
angular specimen of bone tissue when it is subjected to some extension tests. We
treat the evolution process occurring in the presence of several different values of
the externally applied loads and explore the situations in which the deformation is
both uniform or non-uniform. These tests are inspired by the aim of simulating the
physiological behavior of a portion of bone tissue subjected to a load continuously
varying in time. Secondly, we consider a sample with a wide area characterized by
the absence of osteocytes, from which area no stimulus is originated. The assumed
situation could be referred to as partially necrotic tissue, and the consequent re-
modeling activity could be thought of as a healing process. Of course, the healing
stage is a very complex process involving angiogenesis into the diseased zone of
bone which is driven by a set of mechanobiological and biochemical factors. A
reliable model of angiogenesis effect on healing bone tissues has been already pro-
posed, e.g., by Lu and Lekszycki (2017), thus we analyzed only the following stages
after that this first preliminary step is completed.

As already announced before, it was possible to perform the numerical sim-
ulations by using, with few technical expedients, a commercial software: that is
COMSOL Multiphysics®. As it is well known this software is based on the Finite
Element Method. There are no specific computing difficulties in treating the more
general three-dimensional evolution and remodeling problem. For making a first
interpretation of the novelties of the presented model we study here a simpler two-
dimensional problem. The geometry is very simple, also, and we refrained from
introducing any complex geometrical or mechanical feature. We want to be sure
that the first results which we obtain have a straightforward interpretation and
can be understood in a univocal way.

6.1 Physiological remodeling

The simulations deal with a rectangular specimen having aspect ratio 2:1. We
consider the constitutive parameters to be those of a cancellous bone. Since the
remodeling process is more active in cancellous bone than in cortical bone due
to wide availability of space (inter-trabecular porosity) and supply of nutrients
coming from bone marrows and blood vessels, we do choose to consider as the
initial state of our simulations the spongy tissue which provides a more complete
and exhaustive case to be analyzed. Due to the complexity of cancellous bone
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Table 1 Material parameters used in the numerical simulations.

Yo OMax K Ky
17 GPa 1800 kg/m3 0.1Yy 1.7 x 10° N
Sb Tb erefS Ijrefr

49x107% s/m?2  6.13x 107 1% s/m2 3.4 x 10* kN/m? 3.4 x 103 kN/m?

structure, the proposed macro-model is quite effective (being a coarse-grained
model) to predict the evolution of the bone mass density which may resolve also
in a cortical bone in presence of a sufficiently high level of deformations. The
specimen has a length . = 1 cm and its initial porosity is uniform and equal to
0.5. In table 1, we give the constitutive parameters which are used in the presented
simulations.

6.1.1 The remodeling resulting from a uniform loading

The first performed simulations considered those boundary conditions which are
needed to produce a uniform distribution of deformation energy along the whole
considered specimen. These conditions are: i) on the left short edge (see Fig. 4)
the longitudinal displacement is imposed to be zero, ii) the displacement of one
point of the same side is imposed to vanish (so that rigid motions are not allowed),
and iii) a spatially uniform load, which is also constant in time, is applied to the
right short edge so that an extension of the specimen is determined (see Fig. 4).

We remark again here that, in the present context, the fact that the load is
constant in time means simply that, in the considered class of phenomena, the
loads are varied ‘slowly’, when compared to the remodeling characteristic time.
Five different levels of externally applied loads were considered: the level of these
loads have been calibrated in order to estimate when the condition of homeostatic
equilibrium is already present with the initial considered bone configuration (see
the Fig. 5 and refer to the label ‘17).

Other values of externally applied loads increased by a factor of 1.3 and 1.5
(reported on the labels in Fig. 5) induce growth phenomena which increase the
value of bone mass density in homeostatic equilibrium. Finally, to induce resorption
at homeostatic equilibrium it was considered a decrease in the applied force, by
multiplying the initially homeostatic force times a factor of 0.4 and 0.3 (values
again used as labels in Fig. 5). We report that the externally applied load to
assure that the initial configuration was already in a homeostatic state was F =
3.1x107% Yy L.

Figure 5 is introduced to show how the bone apparent mass density evolves in
the bone material particle located at the geometrical center of the specimen. To
get the non-dimensional evolving value of the bone mass density we have used the
maximum value of bone mass density (omax) as reference quantity while to get
non-dimensional time scale we have considered as characteristic time the period
of 200 days.

Obviously, the deformation energy density is uniform, in the considered in-
stance. Therefore also the biological stimulus as estimated with the equation (12)
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bone

load

Fig. 4 Uniform extension test: a physiological case.

results to be uniform. In this elemental case, all the material points of the specimen
experience the same time evolution.

By inspection of the results obtained, as presented in the previously mentioned
plots, we can conclude that: 1) with increasing applied loads, the bone tissue mass
growth increases; 2) there is at least a specific value for the externally applied load
which leads to homeostatic equilibrium; 3) for values of the applied loads smaller
than the homeostatic load, the resorption increases with smaller loads; 4) the time
of approach towards the homeostatic equilibrium seems to be approximately the
same for all growth and all resorption processes. However, the resorption process
is surely slower than the growth process.

Subsequently, the same extension test for a growing bone tissue is simulated
with the model in which the stimulus is given with the nonlocal instantaneous
biomechanical interaction described in formula (10). In this last formula, the func-
tion k is postulated to have the structure specified in formula (11)2 and the char-
acteristic signal influence range is assumed to have the value D = 0.1L. In Fig. 6
one finds the obtained results for the spatial average of the apparent bone mass
density in the case in which the considered extension test is performed with the
same settings as in the previously presented numerical simulations which concern
the stimulus diffusive model. Indeed, the distribution of the biological stimulus
with the instantaneous model is not uniform for the presence of significant bound-
ary effects despite the uniformity of the deformation energy density. This lack of
uniformity for the stimulus entails an evolution of the bone mass density which
is not uniform over the sample. Figures 7 and 8 show indeed the distribution of
the bone mass density at the end of the simulation and the time history of the
maximum and minimum values of it, respectively. In Fig. 7 the distribution related
to the homeostatic value of the load Fi has been dropped out because the bone
tissue remains in the homeostatic state without any evolution.

The reasoned comparison of Figs. 5 and 6, leads to conclude that the predicted
evolutions, with the two models, are rather different and different is also the final
product of the evolutionary growth/resorption processes.

Indeed, in the case of the instantaneous signal model, the final structure of
remodeled bone represents a non-uniform homeostatic equilibrium condition. On
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the other hand in the diffusive model for stimulus propagation, we observe that
different levels of porosity are finally reached when different are the values of the
applied loads. This feature of diffusive stimulus model is rather promising, as it
seems to be able to describe the observed experimental evidence.

In the instantaneous nonlocal stimulus model the final consequence of the dif-
ference in the values of the applied loads is a difference in the characteristic time
needed for reaching homeostatic equilibrium: if the loads are more intense this
time becomes shorter, and the remodeling process is faster at least for the loads
larger than the homeostatic value. We also note that the boundary condition iv)
for the diffusive model (see before) allows for the uniformity of growth and defor-
mation processes, while in the nonlocal instantaneous stimulus model, because of
some obvious border effects (related to the nature of the integral operator used
for calculating the stimulus), the calculated stimulus, and as a consequence the
evolving bone mass density, elastic stiffnesses, and deformation fields, are not uni-
form. This circumstance does not seem to be related to any physiological situation
and requires an ad hoc correction of the integral functional to be used close to
the specimen boundaries (for more details the reader is referred to Giorgio et al.
(2016)).

It has to be remarked, also, that the properties of remodeled bone tissues as
predicted with the use of the diffusive stimulus model seem to be more consis-
tent with the experimentally observed porosity distributions in physiological and
pathological bone tissues, at least from a qualitative point of view.

In this context it is worth to recall one of the so-called rules for bone adapta-
tion: Turner (1998): “Bone cells accommodate to a customary mechanical loading
environment, making them less responsive to routine loading signals”. The diffu-
sive stimulus model, by including the metabolical resorption of stimulus and its
removal by diffusion from the region in which it was originated, seems able to pre-
dict the aforementioned rule: indeed, as already observed before (see Fig. 5), in the
diffusive model the remodeling process, in presence of a continuously applied load,
tends to be less and less responsive when the application interval of time becomes
greater and greater. Indeed when the stimulus is outside the lazy zone the diffusive
model manages to predict the existence of different bone densities under different
load values, always reaching a homeostatic equilibrium state. When the lazy zone
reduces to a point, the diffusive stimulus model still allows for the prediction of
the bone tissue tendency to homeostatic equilibrium, a tendency which is widely
proven experimentally.

Instead, the instantaneous nonlocal stimulus model leads to a different predic-
tion: when one simulates with it the remodeling tissue process in the presence of a
constant load, which produces a stimulus outside the lazy zone, it seems that the
final produced tissue exhibits a trend, at the local level, towards the attainment
of only two values for the field of porosity (as indeed confirmed by the findings of
Mullender and Huiskes (1995)): i) that characteristic of cortical bone, ii) that for
which the bone is completely resorbed (void volume fraction equal to 1). In the
instantaneous nonlocal stimulus model, one can attain a homeostatic equilibrium
state only with loads producing signals inside the lazy zone. Moreover when the
lazy zone reduces to a point then the only two homeostatic equilibria predicted
by the instantaneous nonlocal stimulus model are the cortical bone and the ab-
sence of bone. It seems to us that to induce homeostatic equilibrium by triggering
the thresholds and the width of the lazy zone for the signal is rather artificial.
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We, therefore, believe that the instantaneous stimulus model shows some relevant
limitations in its predictive capacities.
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Fig. 5 Time history of the apparent bone mass density at the center of the sample with the
diffusive model of the stimulus.
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Fig. 6 Time history of the average apparent bone mass density with the nonlocal instanta-
neous model of stimulus under uniform tension load.
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Fig. 8 Time history of the apparent bone mass density with the nonlocal instantaneous model
of stimulus under uniform tension load: a) minimum value; b) maximum value.

6.1.2 The remodeling induced by a non-uniform tension test

In physiological situations, bone tissues are often subject to loads which produce
non-uniform space distributions of the deformation energy density. To test the
performance of the diffusive stimulus model we have simulated the effect on the
bone growth process of some applied loads whose density varies linearly as shown
in Fig. 9. The maximum amplitude of the force is assumed to be Fyg = 4.51 x
1073 Yy L. The other features of considered specimens are exactly the same as in
the already treated uniform extension test. We start by showing in Fig. 10 the
values for the biological stimulus when the modeling process begins. As it was
expected, the stimulus values vary inside the specimen being influenced by those
of the deformation energy density. This influence is mainly governed by the field of
permeability coefficient . In fact, this is the parameter which controls the speed
at which the diffusion process occurs. Of course, if the permeability is modeled
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with a tensor quantity, by generalizing the assumption of isotropic diffusion, then
its values will determine also the directions of stimulus propagation.

To be more precise: if the value of x is very large then the transient regime
related to the stimulus diffusion is too short and, as a consequence, the scalar field
describing the biological stimulus becomes quickly uniform in space. This seems
against the experimental evidence (see Cowin (2001)). Therefore the choice of the
values for the permeability s has to be performed using a careful fitting procedure.
The global properties of the remodeled bone and the process of approaching the
homeostatic equilibrium, as predicted by the diffusive stimulus model, depend in a
very sensitive way on permeability! The performed fitting process which produced
the simulations described in this section led to the identification, for the physical
and biological characteristic values for the specimens used in this paper, of the
following value k = 1.0 x 10412 /tret- This value has been checked to be that
which allows for the description of a phenomenon often observed in real clinical
cases: the non-uniform initial bone mass distribution and initial deformation en-
ergy distribution affect greatly the final homeostatic equilibrium attained and the
whole time-dependent process of bone remodeling.

The just described effect is proven by our numerical simulations and in par-
ticular by Fig. 11 and Fig. 12. In them i) two probe points in the specimen are
chosen and the time history of their mass density is shown; ii) the mass density
distribution in the specimen is shown in two important time instants: that is in an
intermediate stage of remodeling (occurring after 2 days) and the final one (after
200 days).

Fig. 9 Non-uniform extension test: a physiological case.

Also in this case study, we perform numerical simulations with the nonlocal
instantaneous model of stimulus. In this case, the maximum amplitude of the
linearly varying force (see Fig. 9) is increased to Fir = 1.64 x 1072 Yy L to obtain
an evolution showing a bone growth similar to the previously examined model.
The previous value of the force results in a homeostatic value. Figure 13 exhibits
the distribution of the biological stimulus with the nonlocal instantaneous model.
It is quite different from the diffusive model for the presence of boundary effects
directly related to the integral formulation of the stimulus. Hence, in this regard,
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Fig. 10 Biological stimulus at the beginning of the non-uniform tension test with the diffusive
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Fig. 11 Time history of the apparent bone mass density in two probe points located at the
center P,; and near a long side of the sample Py for the non-uniform tension test with the
diffusive model of the stimulus. The normalized time is represented in logarithmic scale.

similar considerations can be made like in the previous tests. Figs. 14 and 15
show, respectively, the evolution of the apparent bone mass density in the two
probe points P,; and Ppo and the normalized mass density in an intermediate
and the final stage of the evolution. Also, in this case, the time history is very
different for the two considered models. The only qualitative similarity with the
diffusive model here is the presence of cortical bone tissue near the verges due to
the distribution of the external load.
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Fig. 12 Normalized mass density in non-uniform tension test with the diffusive model of the
stimulus. a) intermediate stage; b) final stage.
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Fig. 13 Biological stimulus at the beginning of the non-uniform tension test with the nonlocal
instantaneous model of stimulus.

6.2 Obtained predictions in a healing process

We consider here a specimen characterized exactly by the same biomechanics pa-
rameters as done in the previous examples, thus we assume that it is constituted,
in the initial state, by cancellous bone. We assume that the externally applied
loads are inducing, in the initial configuration of the bone, a uniform deformation
and that the initial porosity field is constant in space and its value equals 0.5.
Moreover, we assume that some injury, or a disease or some medical treatment
has killed all the osteocytes in the right portion of the specimen (see Fig. 16).
This is what one could call a model for a necrotized area of the cancellous bone.
In our modeling process this biomechanical case is represented by assuming that
the initial value of the stimulus &, is vanishing in the necrotized area and that,
in the initial bone tissue configuration, the source of the biological signal in the
right portion of the specimen has initially become zero. During the process of
remodeling, the biological activity activates the remodeling evolution also in the
necrotic area. This means that the function (™) which models the biological
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Fig. 14 Time history of the apparent bone mass density in two probe points located at the
center Py; and near a long side of the sample Py for the non-uniform tension test with the
nonlocal instantaneous model of stimulus. The normalized time is represented in logarithmic
scale.
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Fig. 15 Normalized mass density in non-uniform tension test with the nonlocal instantaneous
model of stimulus. a) intermediate stage; b) final stage.

action of the osteocytes, is initially equal to zero and becomes non-vanishing only
when new bone tissue is synthesized: indeed only with the production of newly
built bone tissue new active osteocytes are formed and are active. In the numerical
simulations presented in this section, the intensity of the externally applied load
is assumed to be equal to 5.5 x 1073 Yo L.

The results of the simulations we have conceived for predicting the effects of
the healing process subsequent to necrosis by using the diffusive stimulus model
are described in Fig. 17. In it, one finds plotted the predicted distribution of the
apparent mass density in the bone being remodeled in four different time instants.
We believe that they are representative of the main stages of the remodeling pro-
cess which is being modeled here. In the initial configuration, the bone is assumed
to have a uniform distribution of porosity: as already said this constant value is
assumed to be equal to 0.5. In the first stage of the evolution, the bone subject
to remodeling is characterized by a biological activity starting in the healthy area
in which bone tissue growth occurs. In the two subsequent stages of evolution,
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Fig. 16 Set-up of the healing process under the extension test.

one can observe the synthesis of newly formed bone in the bone region where at
the initial stage the necrotic area was present. The synthesis of bone tissue in the
previously necrotic area is followed by the formation of osteocytes (which are a
biological evolution of osteoblasts), which start to colonize it. In the last stage,
one can observe a bone tissue specimen characterized by a uniform porosity field
and whose physiological functionality is completely re-established.

Being completely aware of the fact that the considered evolution is simply
exemplary of the potential performance of the introduced model we can, however,
conclude that the presented results show without any doubt that it is able to model
the observed non-localized effects of the biological stimulus on bone reconstruction.
This point must be stressed: many simplified models presented in the literature are
not capable to describe the onset of new bone tissue in a necrotized area, which,
however, is observed experimentally. In said simplified models, which have indeed
many merits, necrotic areas are predicted to remain in their state, as the stimulus
is assumed to remain where it was produced. On the contrary, when using the
models presented in this paper, while at the initial stage of the remodeling process
the necrotic area cannot evolve towards any other biomechanical configuration,
in the subsequent evolutionary stages the biological signal which is produced by
the osteocytes present in the living tissues does diffuse in the initially necrotic
area. The presence of this signal in a tissue having the appropriate porosity (i.e.
the porosity which allows for the penetration of the precursor cells which can
evolve into osteoblasts and osteoclasts and which allows for their deposit in the
internal bone tissue surfaces) will start the biological activity needed to regenerate
necrotic bone tissue. This regeneration will be operated by osteoclasts, with their
action of necrotized bone tissue removal, and by osteoblasts, whose action rebuilt
healthy bone tissue. Of course, in this preliminary stage, in our model we assume
that there is the possibility to transport nutrients in the necrotized area: we are
aware of the fact that a theoretical effort is needed to describe also this aspect
of considered phenomena. Indeed in the present model, we neglect effects related
to a transient phase, considering a constant and continuous supply of nutrients
and that the process of cells migration has been already completed. However, a
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Fig. 17 Normalized mass density. a) initial stage; b) bone growth in the healthy zone; c)
growth of new bone in the necrotic zone; d) final stage.

possible generalization of the biological aspects may include the effects of nutrient
concentration, e.g., oxygen, and glucose (as the most important factors for cell
survival) and the migration of actor cells, as described in George et al. (2018a).

7 Conclusions and perspectives

This paper is dedicated to the preliminary study of the potential descriptive capac-
ities of a novel diffusive stimulus model aimed to describe the remodeling process
in bone tissues. We have compared this novel model with a previously introduced
one (see Lekszycki and dell’Isola (2012)), in which the biological stimulus, which
already had a non-local nature, is instantaneously perceived in the neighborhood
of the site of its production. The biological stimulus, indeed, plays a relevant role
in the feedback control process governing bone remodeling and the problem of
modeling its generation, its transmission, and its effects is of great relevance.

We are aware of the complex nature of all phenomena occurring in the bone re-
modeling process. There are, most likely, many different concurring biomechanical
processes which occur at different length scales and which determine the macro-
scopic behavior of bone tissues. We are not surprised by observing this complexity:
indeed vertebrates were evolved about 525 million years ago. The synthesis of bone
tissue caused, most likely, the Cambrian species explosion, which consists, in prac-
tice, in the enormous organism diversity which is observed nowadays on Earth.
The subphylum Vertebrata consists of at least 69,276 species (those which are
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presently described). In 525 million years evolution could try several methods for
controlling bone growth and, most likely, many of these mechanisms currently co-
exist in living bone tissues. Again one should not be surprised if i) many different
micro-scale feedback growth control systems are being described in the literature
ii) a macroscopic simplified description of all of them is possible. Together with
Darwin we share the belief that evolution may produce the coexistence of different
organs and biological mechanisms collaborating synergistically for a common aim.

In the described spirit we discuss in this paper to model, at a suitably large
scale, the transmission of biological stimulus in bone tissue as a phenomenon oc-
curring in space-time. For the sake of simplicity, we use the standard diffusion
equation: i.e. the equation which is sometimes called Fourier’s equation for the
heat or Fick’s equation for the concentration of chemical species in a fluid. We are
aware of the debate concerning the physical plausibility of this equation: we will
explore in the future if the correction proposed by Cattaneo to Fourier equation
can have a biological application in the present context.

Here we remark that, obviously, the integral formulation introduced in the
previous papers (see Lekszycki and dell’Isola (2012); Giorgio et al. (2016)) can
be easily generalized to include the case treated here: it is sufficient to introduce
there a suitable time-dependent Green’s function. Another important step in our
modeling procedure was to assume that i) the generation of stimulus is controlled
(we repeat once more: at macroscopic level!) by the deformation energy density,
ii) the stimulus resorption is determined by a standard decay process. The most
important feature of the novel model introduced consists in the introduction of a
‘characteristic time’ which governs the time needed to the stimulus to travel inside
the bone tissue before being resorbed. Both the present model and that used in
Lekszycki and dell’Isola (2012); Giorgio et al. (2016) are non-local: however, the
model introduced in the just cited papers neglect the (obviously important) time
delay occurring between the signal (stimulus generation) and the action which
is determined by it. Obviously, also the range of validity of the novel proposed
model is limited. This range is defined by the assumed hypotheses which can
be summarized as follows. From a purely mechanical point of view, bone tissue
is represented as a micro-structured medium whose behavior is assumed to be
isotropic, non-linear elastic, and viscous. In the framework of poroelastic materials,
the additional kinematical descriptor of the microstructure is the change of the
effective volume of the fluid content per unit volume. From a biological point of
view, the stimulus is evaluated at a macro scale without formulating explicitly
its dependence on the signaling factors which act at a micro level. As a result,
the stimulus is assumed to be depended on a scalar quantity as the strain energy
density which averagely represents the effects of phenomena (e.g. velocity of fluid
flow at the lacuno-canalicular system, damage due to fatigue and micro-cracks
onset etc.) at small scales. Moreover, the spatial density of sensor cells is assumed
to be proportional to the apparent mass density of bone tissue; the spatial density
of actor cells depends on the porosity of bone tissue according to the parabola-
like law (see Fig. 2). Finally, biological migration is neglected during mass density
evolution of bone.

In this article, the most relevant point of novelty consists in describing the
transmission of the stimulus in a non-local time-delayed way by a diffusion model
in which the stimulus evolves according to a differential equation conceived to
match its behavior as observed at a macro scale. Then this new model is com-
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pared with a previously developed non-local model of the stimulus. In this former
description, the stimulus is defined through a convolution integral extended to the
whole domain and it is assumed to be instantaneously transmitted. In the new
formulation, instead, the diffusion differential equation allows taking into account
the time delay due to the diffusion of the stimulus. A further point of novelty of
this work lies in the development of a model that is also able to take into account
the permanence of the signal even after the cessation of the stimulus for a limited
period of time (Sims and Martin 2014; Crane and Cao 2014) due to the presence
of the sink term (reabsorption of the signal) in the diffusion Eq. (12) according to
the definition of Eq. (15).

To make our modeling analysis more explicit and in order to show the per-
formance of the introduced model, we considered some specific study cases. 1) A
remodeling process in a physiological situation: in this process, a specimen of bone
tissue is subject to different external loads determining its extension. 2) A healing
process, in which a specimen of bone tissue partially necrotic in a large area is
loaded with a mechanical load. In the introduced model the necrosis is described
by assuming that the generation of stimulus is blocked. Mathematically this is im-
plemented by assuming that in the source term of the postulated diffusion equation
for biological stimulus a coefficient depending on osteocyte concentration appears.
This coefficient is assumed to vanish when osteocytes are absent. In a healthy
bone a mechanically active material particle is also biologically active because of
its ‘equipment’ of osteocytes: in this situation, it can produce a source of stimu-
lus. We assume that this source of stimulus is proportional to the local density of
deformation energy measured. In this first stage of our investigations, we wanted
to avoid the introduction of complicated further evolution equations. We expect
that such a more sophisticated model may be needed to describe carefully enough
clinical cases. However, we want to build our model step by step by checking its
performance and by initiating a scientific debate. Therefore presently and for the
presented numerical simulations we conjecture that the density of osteocytes can
be assumed to be proportional to the bone density, in the physiological case. Necro-
sis, in this context, has to be described by a total absence of biological stimulus
source.

A necessary condition for having postulated a model whose true applicability
can be assessed consists in its capacity to describe: i) physiological remodeling
processes, including the attainment of homeostatic equilibrium ii) regeneration of
necrotic tissues, which are in contact with living bone tissues.

To verify such necessary condition we have considered, at first, a bone sam-
ple in the physiological case and in a uniform tension test: different values of the
load are applied and different evolutions of the bone mass density field are simu-
lated. The obtained numerical results demonstrate that for uniform tension tests:
i) in a suitable range of values of the external loads, they produce a physiological
homeostatic equilibrium for bone tissues having a certain porosity, ii) for external
loads having greater values than those in the previously determined range one can
observe the growth of cancellous bone, iii) for lower load values one observes re-
sorption. As a second test we have considered a non-uniform load: more specifically
we have considered a linear distribution of the externally applied mechanical load.
We have observed a consequent non-uniform evolution of the bone mass density:
it is dictated by and parallels the calculated field of the deformation energy den-
sity in all the subsequent equilibrium configurations calculated in the evolutionary
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process. Finally, we have simulated the healing process after necrosis. The results
which we have obtained in these simulations are very promising and indicate, in
our opinion, that the proposed model deserves to be further developed. Indeed
the numerical results provide a prediction for the bone mass density evolution
which is qualitatively very close to what has been experimentally observed. In our
numerical simulations we have clearly distinguished three characteristic growth
and remodeling stages: i) initially the bone tissue is remodeled in the healthy zone
only and a biological stimulus is produced there; ii) subsequently a new bone tissue
starts to be synthesized in the necrotic zone (where the osteocytes are supposed to
be initially not active, i.e. either absent or died and where the present not living
part of the bone tissue supplies, however, the mechanical support to remodeling
process); iii) finally, the whole specimen of bone tissue acquires again its full func-
tionality: indeed after the formation of new bone tissue, new osteocytes colonize
anew what had been a necrotic tissue.

We can, therefore, conclude that the behavior of the proposed model does
mimic indeed, from a qualitative point of view, the actual remodeling process
which can be observed in living bone tissue. Moreover, the introduced model does
explain the coexistence of different levels of bone porosity with different externally
applied load. In the immediate future, we plan to try to get a deeper insight in the
bone remodeling process by studying the most efficient tuning of the introduced
physiological parameters to get some quantitative coincidence with experimental
evidence. Indeed, while the selected results are fully demonstrating the potentiality
of the proposed diffusive model, it is clear that its further validation is necessary.

References

Aarden EM, Nijweide PJ, Burger EH (1994) Function of osteocytes in bone. Journal of cellular
biochemistry 55(3):287-299

Abali BE, Vollmecke C, Woodward B, Kashtalyan M, Guz I, Miller WH (2012) Numeri-
cal modeling of functionally graded materials using a variational formulation. Continuum
Mechanics and Thermodynamics 24(4-6):377-390

Abeyaratne R, Knowles JK (2006) Evolution of Phase Transitions. A Continuum Theory.
Cambridge University Press, Cambridge

Agerbaek MO, Eriksen EF, Kragstrup J, Mosekilde L, Melsen F (1991) A reconstruction of the
remodelling cycle in normal human cortical iliac bone. Bone and mineral 12(2):101-112

Allena R, Cluzel C (2018) Heterogeneous directions of orthotropy in three-dimensional struc-
tures: finite element description based on diffusion equations. Mathematics and Mechanics
of Complex Systems 6(4):339-351

Altenbach H, Eremeyev V (2015) On the constitutive equations of viscoelastic micropolar
plates and shells of differential type. Mathematics and Mechanics of Complex Systems
3(3):273-283

Ambrosi D, Preziosi L, Vitale G (2010) The insight of mixtures theory for growth and remod-
eling. Zeitschrift fiir angewandte Mathematik und Physik 61(1):177-191

Andreaus U, Colloca M, Iacoviello D (2014a) Optimal bone density distributions: numerical
analysis of the osteocyte spatial influence in bone remodeling. Computer methods and
programs in biomedicine 113(1):80-91

Andreaus U, Giorgio I, Lekszycki T (2014b) A 2-D continuum model of a mixture of bone
tissue and bio-resorbable material for simulating mass density redistribution under load
slowly variable in time. ZAMM-Zeitschrift fiir Angewandte Mathematik und Mechanik
94(12):978-1000

Arias CF, Herrero MA, Echeverri LF, Oleaga GE, Lopez JM (2018) Bone remodeling: A tissue-
level process emerging from cell-level molecular algorithms. PloS one 13(9):€0204171

Ashby MF, Evans AG, Fleck NA, Gibson LJ, Hutchinson JW, Wadley HNG (2000) Metal
Foams: a Design Guid. Butterworth-Heinemann, Boston



36 Ivan Giorgio et al.

Ateshian GA (2007) On the theory of reactive mixtures for modeling biological growth. Biome-
chanics and Modeling in Mechanobiology 6(6):423-445

Baiotto S, Zidi M (2004) Theoretical and numerical study of a bone remodeling model: the
effect of osteocyte cells distribution. Biomechanics and modeling in mechanobiology 3(1):6—
16

Barkaoui A, Chamekh A, Merzouki T, Hambli R, Mkaddem A (2014) Multiscale approach
including microfibril scale to assess elastic constants of cortical bone based on neural
network computation and homogenization method. International journal for numerical
methods in biomedical engineering 30(3):318-338

Barkaoui A, Tlili B, Vercher-Martinez A, Hambli R (2016) A multiscale modelling of bone ul-
trastructure elastic proprieties using finite elements simulation and neural network method.
Computer methods and programs in biomedicine 134:69-78

Beaupre GS, Orr TE, Carter DR (1990a) An approach for time-dependent bone modeling and
remodeling—application: A preliminary remodeling simulation. Journal of Orthopaedic
Research 8(5):662-670

Beaupre GS, Orr TE, Carter DR (1990b) An approach for time-dependent bone modeling and
remodeling—theoretical development. Journal of Orthopaedic Research 8(5):651-661

Bednarczyk E, Lekszycki T (2016) A novel mathematical model for growth of capillaries and
nutrient supply with application to prediction of osteophyte onset. Zeitschrift fiir ange-
wandte Mathematik und Physik 67(4):94

Berezovski A, Engelbrecht J, Maugin GA (2008) Numerical Simulation of Waves and Fronts
in Inhomogeneous Solids. World Scientific, New Jersey et al.

Bonewald LF, Johnson ML (2008) Osteocytes, mechanosensing and Wnt signaling. Bone
42(4):606-615

Bonucci E (2009) The osteocyte: the underestimated conductor of the bone orchestra. Rendi-
conti Lincei 20(3):237-254

Burger EH, Klein-Nulend J (1999) Mechanotransduction in bone—role of the lacuno-
canalicular network. The FASEB Journal 13(9001):S101-S112

Camar-Eddine M, Seppecher P (2001) Non-local interactions resulting from the homogeniza-
tion of a linear diffusive medium. Comptes Rendus de I’Academie des Sciences Series 1
Mathematics 5(332):485-490

Cattaneo C (1958) On a form of heat equation which eliminates the paradox of instantaneous
propagation. Comptes rendus 247:431-433

Chatzigeorgiou G, Javili A, Steinmann P (2014) Unified magnetomechanical homogenization
framework with application to magnetorheological elastomers. Mathematics and Mechanics
of Solids 19(2):193-211

Chen AE, Ginty DD, Fan CM (2005) Protein kinase A signalling via CREB controls myogenesis
induced by Wnt proteins. Nature 433(7023):317

Clarke B (2008) Normal bone anatomy and physiology. Clinical journal of the American Society
of Nephrology 3(Supplement 3):5131-S139

Cluzel C, Allena R (2018) A general method for the determination of the local orthotropic
directions of heterogeneous materials: application to bone structures using pCT images.
Mathematics and Mechanics of Complex Systems 6(4):353-367

Colangeli M, De Masi A, Presutti E (2016) Latent heat and the fourier law. Physics Letters
A 380(20):1710-1713

Colangeli M, De Masi A, Presutti E (2017) Microscopic models for uphill diffusion. Journal of
Physics A: Mathematical and Theoretical 50(43):435002

Contrafatto L, Cuomo M (2006) A framework of elastic—plastic damaging model for concrete
under multiaxial stress states. International Journal of Plasticity 22(12):2272-2300

Cowin SC (1999) Bone poroelasticity. Journal of biomechanics 32(3):217-238

Cowin SC (ed) (2001) Bone Mechanics Handbook, 2nd edn. CRC Press, Boca Raton

Crane JL, Cao X (2014) Bone marrow mesenchymal stem cells and tgf-3 signaling in bone
remodeling. The Journal of clinical investigation 124(2):466-472

Cuomo M, Contrafatto L, Greco L (2014) A variational model based on isogeometric inter-
polation for the analysis of cracked bodies. International Journal of Engineering Science
80:173-188

Davy DT, Jepsen KJ, Krzypow DJ, Fondrk MT (1999) Nonlinear stress-strain behavior due
to damage accumulation in cortical bone. In: Pedersen P, Bendsge MP (eds) IUTAM
Symposium on Synthesis in Bio Solid Mechanics, Springer, Springer, Dordrecht, pp 361—
372



On mechanically driven biological stimulus for bone remodeling 37

De Masi A, Gobron T, Presutti E (1995) Travelling fronts in non-local evolution equations.
Archive for rational mechanics and analysis 132(2):143-205

dell’Isola F, Andreaus U, Placidi L (2015) At the origins and in the vanguard of peridynamics,
non-local and higher-gradient continuum mechanics: An underestimated and still topical
contribution of Gabrio Piola. Mathematics and Mechanics of Solids 20(8):887-928

Di Carlo A, Quiligotti S (2002) Growth and balance. Mechanics Research Communications
29(6):449-456

Diebels S, Steeb H (2003) Stress and couple stress in foams. Computational Materials Science
28(3-4):714-722

Engelbrecht J, Berezovski A (2015) Reflections on mathematical models of deformation waves
in elastic microstructured solids. Mathematics and Mechanics of Complex Systems 3(1):43—
82

Epstein M, Maugin GA (2000) Thermomechanics of volumetric growth in uniform bodies.
International Journal of Plasticity 16(7):951-978

Eremeyev VA, Pietraszkiewicz W (2009) Phase transitions in thermoelastic and thermovis-
coelastic shells. Archives of Mechanics 61(1):41-67

Eremeyev VA, Pietraszkiewicz W (2011) Thermomechanics of shells undergoing phase transi-
tion. Journal of Mechanics and Physics of Solids 59(7):1395-1412

Eremeyev VA, Pietraszkiewicz W (2016) Material symmetry group and constitutive equations
of micropolar anisotropic elastic solids. Mathematics and Mechanics of Solids 21(2):210-
221

Eremeyev VA, Lebedev LP, Altenbach H (2013) Foundations of Micropolar Mechanics.
Springer, Berlin

Eremeyev VA, Skrzat A, Vinakurava A (2016) Application of the micropolar theory to the
strength analysis of bioceramic materials for bone reconstruction. Strength of Materials
48(4):573-582

Eriksen EF (2010) Cellular mechanisms of bone remodeling. Reviews in Endocrine and
Metabolic Disorders 11(4):219-227

Franciosi P, Spagnuolo M, Salman OU (2018) Mean Green operators of deformable fiber net-
works embedded in a compliant matrix and property estimates. Continuum Mechanics and
Thermodynamics pp 1-32 (doi: 10.1007/s00161-018-0668-0)

Frost HM (1987) Bone “mass” and the “mechanostat”: a proposal. The anatomical record
219(1):1-9

Ganghoffer JF (2012) A contribution to the mechanics and thermodynamics of surface growth.
application to bone external remodeling. International Journal of Engineering Science
50(1):166-191

George D, Allena R, Remond Y (2017) Mechanobiological stimuli for bone remodeling: me-
chanical energy, cell nutriments and mobility. Computer methods in biomechanics and
biomedical engineering 20(S1):91-92

George D, Allena R, Remond Y (2018a) Integrating molecular and cellular kinetics into a cou-
pled continuum mechanobiological stimulus for bone reconstruction. Continuum Mechanics
and Thermodynamics doi: 10.1007/s00161-018-0726-7:1-16

George D, Allena R, Remond Y (2018b) A multiphysics stimulus for continuum mechanics
bone remodeling. Mathematics and Mechanics of Complex Systems 6(4):307-319

Gibson LJ, Ashby MF (1997) Cellular Solids: Structure and Properties, 2nd edn. Cambridge
Solid State Science Series, Cambridge University Press, Cambridge

Giorgio I, Scerrato D (2017) Multi-scale concrete model with rate-dependent internal friction.
European Journal of Environmental and Civil Engineering 21(7-8):821-839

Giorgio I, Andreaus U, Scerrato D, dell’Isola F (2016) A visco-poroelastic model of functional
adaptation in bones reconstructed with bio-resorbable materials. Biomechanics and Mod-
eling in Mechanobiology 15(5):1325-1343, DOI 10.1007/s10237-016-0765-6

Giorgio I, Andreaus U, dell’Isola F, Lekszycki T (2017a) Viscous second gradient porous mate-
rials for bones reconstructed with bio-resorbable grafts. Extreme Mechanics Letters 13:141—
147

Giorgio I, Andreaus U, Scerrato D, Braidotti P (2017b) Modeling of a non-local stimulus
for bone remodeling process under cyclic load: Application to a dental implant using a
bioresorbable porous material. Mathematics and Mechanics of Solids 22(9):1790-1805

Goda I, Assidi M, Ganghoffer JF (2014) A 3D elastic micropolar model of vertebral trabecular
bone from lattice homogenization of the bone microstructure. Biomechanics and modeling
in mechanobiology 13(1):53-83



38 Ivan Giorgio et al.

Gong Y, Slee RB, Fukai N, et al. (2001) LDL receptor-related protein 5 (LRP5) affects bone
accrual and eye development. Cell 107(4):513-523

Goriely A, Robertson-Tessi M, Tabor M, Vandiver R (2008) Elastic growth models. In:
Mondaini RP, Pardalos PM (eds) Mathematical Modelling of Biosystems, Applied Op-
timization, vol 102, Springer, pp 1-44

Gottesman T, Hashin Z (1980) Analysis of viscoelastic behaviour of bones on the basis of
microstructure. Journal of Biomechanics 13(2):89-96

Graham JM, Ayati BP, Holstein SA, Martin JA (2013) The role of osteocytes in targeted bone
remodeling: a mathematical model. PloS one 8(5):¢63884

Hambli R (2014) Connecting mechanics and bone cell activities in the bone remodeling process:
an integrated finite element modeling. Frontiers in bioengineering and biotechnology 2:6

Hambli R, Kourta A (2015) A theory for internal bone remodeling based on interstitial fluid
velocity stimulus function. Applied Mathematical Modelling 39(12):3525-3534

Hambli R, Rieger R (2012) Physiologically based mathematical model of transduction of
mechanobiological signals by osteocytes. Biomechanics and modeling in mechanobiology
11(1-2):83-93

Hambli R, Katerchi H, Benhamou CL (2011) Multiscale methodology for bone remodelling
simulation using coupled finite element and neural network computation. Biomechanics
and modeling in mechanobiology 10(1):133-145

Hambli R, Almitani KH, Chamekh A, Toumi H, Tavares JMR (2015) A theory for bone
resorption based on the local rupture of osteocytes cells connections: A finite element
study. Mathematical biosciences 262:46-55

Harrison KD, Cooper DML (2015) Modalities for visualization of cortical bone remodeling:
the past, present, and future. Frontiers in endocrinology 6:122

Himeno-Ando A, Izumi Y, Yamaguchi A, Iimura T (2012) Structural differences in the os-
teocyte network between the calvaria and long bone revealed by three-dimensional fluo-
rescence morphometry, possibly reflecting distinct mechano-adaptations and sensitivities.
Biochemical and Biophysical Research Communications 417(2):765-770

Holzapfel GA, Ogden RW (eds) (2006) Mechanics of Biological Tissue. Springer, Berlin

van Hove RP, Nolte PA, Vatsa A, Semeins CM, Salmon PL, Smit TH, Klein-Nulend J (2009)
Osteocyte morphology in human tibiae of different bone pathologies with different bone
mineral density — Is there a role for mechanosensing? Bone 45(2):321-329

Huiskes R, Weinans H, Grootenboer H, Dalstra M, Fudala B, Slooff T (1987) Adaptive bone-
remodeling theory applied to prosthetic-design analysis. Journal of biomechanics 20(11-
12):1135-1150

Katagiri T, Takahashi N (2002) Regulatory mechanisms of osteoblast and osteoclast differen-
tiation. Oral diseases 8(3):147-159

Khalili N, Selvadurai APS (2003) A fully coupled constitutive model for thermo-hydro-
mechanical analysis in elastic media with double porosity. Geophysical Research Letters
30(24)

Komori T (2013a) Functions of the osteocyte network in the regulation of bone mass. Cell and
Tissue Research 352(2):191-198

Komori T (2013b) Functions of the osteocyte network in the regulation of bone mass. Cell and
tissue research 352(2):191-198

Kiihl M, Sheldahl LC, Park M, Miller JR, Moon RT (2000) The Wnt/Ca2+ pathway: a new
vertebrate Wnt signaling pathway takes shape. Trends in genetics 16(7):279-283

Kumar C, Jasiuk I, Dantzig J (2011) Dissipation energy as a stimulus for cortical bone adap-
tation. Journal of Mechanics of Materials and Structures 6(1):303-319

Lekszycki T, dell'Isola F (2012) A mixture model with evolving mass densities for describing
synthesis and resorption phenomena in bones reconstructed with bio-resorbable materials.
ZAMM - Zeitschrift fiir Angewandte Mathematik und Mechanik 92(6):426-444

Lekszycki T, Bucci S, Del Vescovo D, Turco E, Rizzi NL (2017) A comparison between different
approaches for modelling media with viscoelastic properties via optimization analyses.
ZAMM-Zeitschrift fiir Angewandte Mathematik und Mechanik 97(5):515-531

Li J, Slesarenko V, Rudykh S (2019) Microscopic instabilities and elastic wave propagation in
finitely deformed laminates with compressible hyperelastic phases. European Journal of
Mechanics-A /Solids 73:126-136

LuY, Lekszycki T (2017) Modelling of bone fracture healing: influence of gap size and angiogen-
esis into bioresorbable bone substitute. Mathematics and Mechanics of Solids 22(10):1997—
2010



On mechanically driven biological stimulus for bone remodeling 39

Lu Y, Lekszycki T (2018) New description of gradual substitution of graft by bone tissue
including biomechanical and structural effects, nutrients supply and consumption. Contin-
uum Mechanics and Thermodynamics pp 1-15, DOI 10.1007/s00161-018-0650-x

Lurie S, Solyaev Y, Volkov A, Volkov-Bogorodskiy D (2018) Bending problems in the theory
of elastic materials with voids and surface effects. Mathematics and Mechanics of Solids
23(5):787-804

Madeo A, George D, Lekszycki T, Nierenberger M, Remond Y (2012) A second gradient
continuum model accounting for some effects of micro-structure on reconstructed bone
remodelling. Comptes Rendus Mécanique 340(8):575-589

Madeo A, dell’Isola F, Darve F (2013) A continuum model for deformable, second gradient
porous media partially saturated with compressible fluids. Journal of the Mechanics and
Physics of Solids 61(11):2196-2211

Martin RB (1984) Porosity and specific surface of bone. Critical reviews in biomedical engi-
neering 10(3):179-222

Matsuo K, Irie N (2008) Osteoclast—osteoblast communication. Archives of biochemistry and
biophysics 473(2):201-209

Menzel A (2005) Modelling of anisotropic growth in biological tissues. Biomechanics and Mod-
eling in Mechanobiology 3(3):147-171

Misra A, Poorsolhjouy P (2015) Identification of higher-order elastic constants for grain as-
semblies based upon granular micromechanics. Mathematics and Mechanics of Complex
Systems 3(3):285-308

Misra A, Marangos O, Parthasarathy R, Spencer P (2013) Micro-scale analysis of composi-
tional and mechanical properties of dentin using homotopic measurements. In: Biomedical
Imaging and Computational Modeling in Biomechanics, Springer, pp 131-141

Misra A, Parthasarathy R, Singh V, Spencer P (2015) Micro-poromechanics model of fluid-
saturated chemically active fibrous media. ZAMM-Zeitschrift fiir Angewandte Mathematik
und Mechanik 95(2):215-234

Mlodzik M (2002) Planar cell polarization: do the same mechanisms regulate Drosophila tissue
polarity and vertebrate gastrulation? TRENDS in Genetics 18(11):564-571

Morgan EF, Yeh OC, Chang WC, Keaveny TM (2001) Nonlinear behavior of trabecular bone
at small strains. Journal of biomechanical engineering 123(1):1-9

Mullender MG, Huiskes R (1995) Proposal for the regulatory mechanism of Wolff’s law. Journal
of orthopaedic research 13(4):503-512

Mullender MG, Huiskes R, Weinans H (1994) A physiological approach to the simulation
of bone remodeling as a self-organizational control process. Journal of biomechanics
27(11):1389-1394

Mullender MG, Huiskes R, Versleyen H, Buma P (1996) Osteocyte density and histomorpho-
metric parameters in cancellous bone of the proximal femur in five mammalian species.
Journal of Orthopaedic Research 14(6):972-979

Park HC, Lakes RS (1986) Cosserat micromechanics of human bone: strain redistribution by
a hydration-sensitive constituent. Journal of Biomechanics 19(5):385-397

Peng L, Bai J, Zeng X, Zhou Y (2006) Comparison of isotropic and orthotropic material prop-
erty assignments on femoral finite element models under two loading conditions. Medical
engineering & physics 28(3):227-233

Pinson KI, Brennan J, Monkley S, Avery BJ, Skarnes WC (2000) An LDL-receptor-related
protein mediates Wnt signalling in mice. Nature 407(6803):535

Placidi L, Barchiesi E (2018) Energy approach to brittle fracture in strain-gradient modelling.
Proc R Soc A 474(2210):20170878

Placidi L, Barchiesi E, Misra A (2018a) A strain gradient variational approach to damage:
a comparison with damage gradient models and numerical results. Mathematics and Me-
chanics of Complex Systems 6(2):77-100

Placidi L, Misra A, Barchiesi E (2018b) Two-dimensional strain gradient damage modeling: a
variational approach. Zeitschrift fiir angewandte Mathematik und Physik 69(3):56

Prakash C, Singh S, Farina I, Fraternali F, Feo L (2018) Physical-mechanical characterization
of biodegradable Mg-3Si-HA composites. PSU Research Review

Prendergast PJ, Taylor D (1994) Prediction of bone adaptation using damage accumulation.
Journal of biomechanics 27(8):1067-1076

Rieger R, Hambli R, Jennane R (2011) Modeling of biological doses and mechanical effects on
bone transduction. Journal of theoretical biology 274(1):36-42



40 Ivan Giorgio et al.

Rosa N, Simoes R, Magalhaes FD, Marques AT (2015) From mechanical stimulus to bone
formation: a review. Medical engineering & physics 37(8):719-728

Roux W (1895) Der kampf der teile im organismus. 1881. Leipzig: Engelmann

Ruimerman R, Hilbers P, van Rietbergen B, Huiskes R (2005) A theoretical framework
for strain-related trabecular bone maintenance and adaptation. Journal of Biomechanics
38(4):931-41

Sansalone V, Kaiser J, Naili S, Lemaire T (2013) Interstitial fluid flow within bone canali-
culi and electro-chemo-mechanical features of the canalicular milieu. Biomechanics and
modeling in mechanobiology 12(3):533-553

Santos A, Bakker AD, Klein-Nulend J (2009) The role of osteocytes in bone mechanotrans-
duction. Osteoporosis international 20(6):1027-1031

Seppecher P (1996) Moving contact lines in the Cahn-Hilliard theory. International journal of
engineering science 34(9):977-992

Seppecher P (2000) Second-gradient theory: application to Cahn-Hilliard fluids. In: Continuum
thermomechanics, Springer, pp 379-388

Sims NA, Martin TJ (2014) Coupling the activities of bone formation and resorption: a mul-
titude of signals within the basic multicellular unit. BoneKEy reports 3

Smit TH, Huyghe JM, Cowin SC (2002) Estimation of the poroelastic parameters of cortical
bone. Journal of biomechanics 35(6):829-835

Spagnuolo M, Barcz K, Pfaff A, dell'Isola F, Franciosi P (2017) Qualitative pivot damage
analysis in aluminum printed pantographic sheets: numerics and experiments. Mechanics
Research Communications 83:47-52

Spingarn C, Wagner D, Remond Y, George D (2017) Multiphysics of bone remodeling: a 2D
mesoscale activation simulation. Bio-medical materials and engineering 28(s1):5S153-5158

Stern AR, Nicolella DP (2013) Measurement and estimation of osteocyte mechanical strain.
Bone 54(2):191-195

Taber LA (2009) Towards a unified theory for morphomechanics. Philosophical Transactions
of the Royal Society A: Mathematical, Physical and Engineering Sciences 367(1902):3555—
3583

Turner CH (1991) Homeostatic control of bone structure: An application of feedback theory.
Bone 12(3):203-217, DOI 10.1016/8756-3282(91)90043-1

Turner CH (1998) Three rules for bone adaptation to mechanical stimuli. Bone 23(5):399-407

Yoo A, Jasiuk I (2006) Couple-stress moduli of a trabecular bone idealized as a 3D periodic
cellular network. Journal of Biomechanics 39(12):2241-2252

You L, Cowin SC, Schaffler MB, Weinbaum S (2001) A model for strain amplification in
the actin cytoskeleton of osteocytes due to fluid drag on pericellular matrix. Journal of
biomechanics 34(11):1375-1386



	Introduction
	Basic kinematical fields and fundamental modeling assumptions
	The evolution equations for bone mass describing in remodelling process
	A particular model of stimulus diffusion
	A model for growing bone tissues using concepts from poromechanics
	Forecasting capabilities of considered models: targeted numerical simulations
	Conclusions and perspectives

