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1 INTRODUCTION

"Life is definable as the continuous adjustment of internal relations to external relations" [54].

The mechano-transduction process consists of a chain of three main functions : mechano-reception,
mechano-transmission and mechano-activation. Whether they are biological or more generally indus-
trial, these functions make that some systems act as mechano-sensors and/or senso-actors. Thus, these
systems are able to gather and transmit information on their neighborhood and on themselves, modi-
fying so their properties in response to various physico-chemical solicitations.
The living materials, which are intrinsically active systems, are typical adaptive systems that may
change their response in function of the context. Their activity generates changes in mass, composition
and shape. This phenomenon is called remodelling.
As such bone tissue can sense, react and adapt itself to its environmental vicinity [48]. For instance, it
is well known that the bone quality decreases during space flight [37].
Thus bone formation and resorption is the result of a series of events transforming a physical informa-
tion into a biological response. This process including all the phenomena characterizing the bone cell
ability to sense mechanicalstimuli and possibly to reply is called the mechano-transduction of bone
remodelling. As sketched in Fig. 1, the cycle of bone remodelling can be coarsely summarized as : a
macroscopic external physicalstimulus(i) is propagated within the bone tissue (ii), and then sensed at
the microscale by sensitive cells (typically the osteocytes, OCY) (iii), that induce signals emission (iv)
to activate effector cells that will resorb (osteoclasts, OCL) old tissue and create (osteoblasts, OBL)
new one (v), thus modifying the macroscopic properties of the organ (vi).
This adaptation results in the optimization of bone morphology to obtain the best mechanical resistance
using the minimum mineral quantity. This was already postulated in the nineteenth century by the
surgeon Julius Wolff [61].
In most of the modelling representations of bone remodelling, the physicalstimuliacting on bone cells
(pressure, shear stress, drag forces, etc.) are calculated from mechanical loading at the scale of the
organ thanks to the poromechanics theory [6]. These physical inputs are then somehow downscaled and
converted into biochemical microscopic signals regulating the remodelling activity [1]. In this manner,
the nature of the macroscopic incoming signals is thought to be purely mechanical. Moreover, the
microscopic phenomena are often not directly involved since the fluid flow around the cells is quantified
by a macroscopic parameter, the hydraulic permeability for instance. In other words, even if involving
microscopic biochemical signals, these modelling strategies often remain purely macroscopic.
In this contribution, we would like to emphasize recent developments that may strongly modify the
current bone mechano-sensation paradigm. Using a multiscale strategy, we propose to investigate the
multiphysics effects due to the physico-chemical phenomena that occur at the microstructural scale
of bone tissue. In particular, we trace how the fluid-flow and mass transport models for mechano-
transduction should be changed by considering additional effects related to electro-chemical couplings
that characterize the cellular vicinity. Our strategy consists in discussing, at both the macroscale and
the microscale, the importance of the multiphysical phenomena featuring in bone behaviour using
physiologically-based simulations.
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FIG. 1 – Simplified chain of the mechano-transduction of bone remodelling (reproduced with permis-
sion from [24])

2 SOME BASIC ASPECTS IN BONE PHYSIOLOGY

2.1 Structure of bone tissue

Bone is a multiscale complex structure [7, 8] presenting two types of tissue (see Fig. 2-A) : i/ the
trabecular bone (or spongy bone), a very porous tissue (porosity∼ 85%), located in the interior region
of bone and containing bone marrow where hematopoiesis takes place ; ii/ the cortical bone (or compact
bone), less porous (porosity∼ 3%), located at the periphery of long bones. Representing90% of the
total bone mass, cortical tissue permits the locomotion, stores and releases chemical elements like
calcium or phosphorous and protects the organs.

FIG. 2 – Multiscale bone structure (reproduced with permission from [24]).

The cortical unit structure, called osteon, is a cylinder whose radius is about10−4 m (see Fig. 2-
B). An osteon is constituted by the collagen-apatite matrix containing vascular porosity (Haversian
and Volkmann’s canals) and elliptic holes namedlacunae. Eachlacunaholds one mechanical sensor
cell (osteocyte, see Fig. 2-D) swimming in fluid environments. These osteocytes develop within little
channels (canaliculi) connecting them together and so forming a stellar network within bone volume
(see Fig. 2-C). At the microscale, the representative volume is a fraction of the lacuno-canalicular
system (see Fig. 2-E). Canaliculi are described by two concentric straight cylinders whose the cross
section is circular with radiiRC andRM such asRC > RM . The interstitial fluid occupies the annular
space between the canalicular wall and the osteocyte process membrane. Note that the smallest porosity
level in bone corresponds to the spaces inside the collagen-apatite structure (CAP, typical pore size of
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5 nm). Since it is thought that at this lowest level most of the water is bound to ionic crystals [11] and
plays a key role in structuring the apatite mineral [59], the water flow at this nanometric scale is often
simply omitted in bone fluid flow representations, resulting in a two-fold porous treatment of bone
poromechanics [12, 47, 27].

2.2 Bone remodelling signals

There has been considerable speculation that osteocytes, the mechanosensitive bone cells, produce a
signal proportional to mechanical loading by sensing different remodelling signals within bone tis-
sue through stretch-activated ion channels, interstitial fluid flow, electrical potentials, or some other
phenomenon. In this subsection, the mainstimuli that can induce bone remodelling are presented.

2.2.1 Stimulioriginating in the solid matrix of bone.According to the Wolff’s law [61] that roughly
states that bone is preferentially deposited in the area characterized by a high mechanical solicitation
and removed where it is not mechanically needed, the first research of the bone remodelling were
linked to the skeleton deformations.
- Bone matrix micro-strains Considering different physical activities, micro-strains of the human

skeleton have been measured thanks to micro-gauges exhibiting values ranging between0.04 %
and0.3 % [22, 10]. The key parameters that directly influence the biological response of bone tissue
have been shown to be the strain amplitude [50] and the strain rate [15, 49, 55].

- Hiatus betweenin vivo and in vitro micro-strains In physiological conditions typically correspon-
ding to normal locomotion activities, the bone tissue strains that can be measuredin vivo remain
rather small since quantitative data obtained for running horses and men and fast flying birds present
maximal values around0.2 − 0.3 % [10]. These measurements are paradoxical when compared to
the in vitro necessary strains that induce a cellular response which are one or two order higher, from
1 to 10 % [13]. In vivo, such a huge strain level would cause bone fracture. This paradox reinforces
the idea that the direct mechano-sensation of the mechanical loading by the bone surface cells is
certainly not the main sensing pathway.

- Micro-cracks Notwithstanding the reversible micro-strains, physiological observations of bone tis-
sue exhibit that normal bone presents micro-cracks [42]. These cracks originate within the bone
cortex and tend to merge and propagate along the cement lines that form the outer layer of the os-
teons [52]. The stress concentration phenomenon that is inherent to these micro-cracks has been
proposed to be the key textural phenomenon inducing the remodelling process [19]. Sites of re-
modelling in cortical bone have been indeed shown to occur in conjunction with microcracks [9].
In particular, it has been observed experimentally that a strong association between microdamage,
osteocyte viability and modulation of remodelling activity does exist [57].
Concomitantly, microcracks are likely to alter the fluid flow and convective transport through the
bone tissue and thus modify the hydraulic behaviour of the fluid in the vicinity of the sensitive cells
[14, 41].

- Bone piezo-electricity In the 1960s, electric measurements in bone tissue [62] motivated the hypo-
thesis that bone adaptation could be explained thanks to collagen piezo-electricity. Historically, it
was argued that a mechanically loaded bone induces compression on its concave side and tension on
its convex side [4], stimulating or limiting bone formation or resorption according to the local elec-
trical field.This piezo-electric craze faded away in the 1980s when more compelling mechanisms
related to the interstitial fluid movement began being studied [17]. Only recent studies proposed that
piezo-electricity could induce an increase in the electric charge of the bone tissue and thus engenders
an opposite electro-osmotic flow limiting the total interstitial flow, and thus increasing the apparent
stiffness and the mass transport properties of bone tissue [2, 28].

2.2.2 Bone fluid flow signals.It had been for a long time believed that the sole function of bone
interstitial fluid movement in the lacuno-canalicular pores was to provide nutrients and remove wastes.
The strain induced micro-flows were first proposed by [44]. However, these lacuno-canalicular micro-
flows have only been experimentally observed 20 years later by tracer studies [21, 58]. This difficulty
to carry out convenientin vivo experiments to measure hydraulic fluid velocities and interstitial fluid
pressure within bone tissue motivated the model-driven investigations of the bone behaviour.
- Evidence of the fluid flow and stretch in bone cell activity Several studies demonstrated that bone

cells are more responsive to fluid flow than to mechanical strain. For instance, the strain-induced
osteoblastic response measured by [5] is 6 times lower than the flow-induced response observed by
[45, 46]. When focussing on the osteocytes, if theirin vivosensitivity to the mechanical loading was
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known in the late 1980s [53], the strong influence of the fluid shear stress induced by neighboring
flow on the cellular activity was provenin vitro the decade after [20].

– Pressure effectsBy comparing biochemical responses of osteoblast and osteocytes when submitted
to a fluid flow, it was showed that the shear stress induced by the flow was the predominant mecha-
nical effect felt by the cells [20]. Notwithstanding this strong evidence, some studies still impute an
important role of the pressure in the bone cells behaviour [39, 40].

– Flow shear stressIn the footsteps of [44], [60] proposed that the fluid flow due to physiological
loading was the primarystimulusthat enabled osteocytes to sense and respond to their mechanical
environment. Their theoretical investigation predicted shear effects induced by the fluid flow on the
osteocyte process membrane of a few Pascals. This value typically corresponds toin vitro measure-
ments of bone fluid shear stress [20].

– Drag force Ten years later, concomitantly to the progress in the imaging of the canalicular structure
[64, 36], the Weinbaum’s group proposed to consider the drag force exerted by the fluid flow on the
pericellular matrix surrounding the cell processes as a key remodelling stimulus. These forces would
be transmitted by tethering filaments and canalicular projections which connect the membrane of the
cell process to the canalicular wall, generating a strain amplification of the cell membrane in the hoop
direction [63].

3 MULTIPHYSICAL BEHAVIOUR FROM THE CELL VICINITY TO THE TISSUE SCALE

In this section, a summary of the key elements of our multiphysical model of cortical bone behaviour is
proposed. The readers interested in going deeper into the matter are invited to study the parent papers
[31, 32, 34, 23, 26, 27]. Those previous studies present how a multiphysical description of a saturated
porous material at the microscale (characterised by the micro-coordinatex referring to a typical micro-
length `) is propagated at the upper scale (characterised by the macro-coordinateX referring to a
typical macro-lengthL). Through the homogenization process, we are able to discriminate the variables
that vary only at the macroscale, called slow variables, from the fast variables that may also vary at the
microscale. The∇ spatial operator is used to represent the gradient of a quantity∇? or its divergence
∇ · ?. This operator is split into two parts∇ = η−1∇x + ∇X , where∇x and∇X correspond to
differentiations at the micro- and macroscale respectively, and whereη = `/L is the scaling ratio.
Eventually, focussing on cortical bone analysis, the slow variables are : i) the displacement vector field
of the solid skeletonu -this result is quite classical in homogenization theories of poroelasticity [3]- ;
ii) the fluid pressurep ; iii) the salinity of the interstitial fluidn ; iv) the streaming potentialψ. In other
words,∇xu = 0 and∇xp = ∇xn = ∇xψ = 0.
These slow variables, in association with several other fast ones, are linked through coupled equations
forming the multiphysical model.

3.1 Electricity : piezoelectricity, double-layer effects and streaming potentials

3.1.1 Electricity in the collagen-apatite matrix.The piezoelectric effect is closely related to a change
of polarization density within the collagen matrix. As a result, bone can be considered as a sort of
dielectric material exhibiting a quasi-permanent bulk chargeqs. Let the permittivity of the solid phase
be quantified by the second-order tensorεs and the piezoelectric coupling by the the piezoelectric
third-order tensorΠ. At the scale of the collagen-apatite structure, the electric potential in the solid
phaseφs is thus governed by the Gauss-Maxwell law :

∇ · (Π : ∇u− εs · ∇φs) = qs. (1)

Here, the two operators· and: correspond to the single and double contractions, respectively. Electricity
in the solid phase involves both the displacement vector fieldu and the electric potential in the solidφs.
In fact, when homogenized, this equation remains purely microscopic [23] and, since the displacement
u is a slow field, it only involves the electric potential :

−∇x · (εs · ∇xφs) = qs. (2)

3.1.2 Double-layer and streaming potentials in the fluid.An important property inherent to most of
the biological charged porous media is the negative charge of their pore surface due to the presence
of some negative sites such as hydroxyl complexes. This negative charge is partially compensated by
the adsorption of cations on the surface forming the inner compact layer commonly referred to as the
immobile Stern layer. Nevertheless, the majority of the excess of positively charged counter-ions is
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located in the electrolyte aqueous solution forming an outer diffuse layer composed of mobile charges.
Together with the fixed charged groups on the solid matrix, these ions form the so-called electric
double-layer [16].
Due to the negative charge of the pore surface, the cationic and anionic concentrationsn± are governed
by a Boltzmann distributions involving the reduced double-layer potentialϕ̄ :

n± = n exp(∓ϕ̄). (3)

Note that the reduction of electric potentials? involves the Faraday constantF , the ideal gas constantR
and the absolute temperatureT , so that̄? = F ? /RT . The double-layer potentialϕ can be determined
thanks to the purely microscopic Poisson-Boltzmann equation [26] :

∇x · ∇xϕ̄ =
1

L2
D

sinh ϕ̄. (4)

The Debye lengthLD =
√

εfRT/(2F 2n) characterises the thickness of the diffuse ionic layer. Here,εf

is the dielectric permittivity of the fluid phase (note that the permittivity tensor in the fluid is spherical,
εf = εfI, I being the unit second-order tensor).

3.2 Ionic electro-diffusive transport

In the remodelling process, the paracrine communication between the mechanosensors (osteocytes)
and the effector cells (osteoclasts and osteoblasts) requires to develop specific transport processes.
Neglecting the convective effects in the narrowcanaliculibut taking into account the ionic exchanges,
the electrical phenomena induced by the double-layer and the streaming current require to modify
the classical diffusion equation. Thus, taking into account the possible ionic exchanges between the
cell and its fluid environment and the electromigration effects, a macroscopic electro-diffusive Nernst-
Planck equation can be obtained for monovalent ions [26] :

∂

∂t
[n (ηf < exp(∓ϕ̄) >f +α∓)] = ∇X ·

[
D∗
±

(∇Xn± n∇Xψ̄
)]

. (5)

Here,< ? >f represents the average value of the quantity over the fluid domain. This equation exhibits
three contributions to the ionic transport : i) the temporal term involving the influence of the porosity
ηf , the averaged double-layer effects and the surface exchange termα∓ ; ii) a Brownian diffusion
term in response to the salinity gradient ; iii) an electromigration term in response to the gradient of
the streaming potentialψ. These two last terms are quantified using effective diffusion tensorsD∗

±
involving, in addition to the diffusion coefficients of the ionsD±, the porosityηf and the electro-
tortuosity tensorsϑ± :

D∗
± = ηfD±ϑ−1

± . (6)

The explicit definition ofϑ± is obtained during the homogenization process and can be found elsew-
here [25, 23].

3.3 Interstitial fluid flow

Bone fluid flow, in addition to the hydraulic pressure gradient, may be governed by supplementary dri-
ving phenomena. Indeed, due to the variability of the streaming potential, an electrophoretic movement
of the mobile charges is generated. As a result, because of the viscous drag interaction, a concomitant
electro-osmotic seepage flow is caused. Moreover, the chemical gradients engender osmotic fluid mo-
vement too. In a previous study [32], a modified Darcy law taking into account electrokinetics and the
fibrous pericellular matrix occupying the canalicular porosity (thanks to a pericellular matrix permea-
bility Kf ) has been derived. The strategy was to upscale the Stokes equation including the Coulombic
force to show that the fluid flow is caused by three driving effects, namely hydraulic transport (indu-
ced by a pressure gradient, indexed by P), osmosis (in response to a salinity gradient, indexed by C)
and electro-osmosis (caused by a streaming potential gradient, indexed by E). Hence the macroscopic
Darcy velocityV reads :

V = −KP∇Xp−KC∇Xn−KE∇Xψ̄. (7)

The macroscopic permeability tensorsKk =< κk > are obtained through the homogenization pro-
cess [32, 34, 23],< κk > being the average over the representative volume of the local hydraulic
conductivity parameters in response to each of the three driving effects (k = P, C, E).
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3.4 Coupled poroelasticity

Bone fluid flow is generated by the strain of the solid matrix. Classically, in bone biomechanics, the
calculation of the hydraulic velocities caused by the mechanical loading are based on the poroelasticity
theory [6]. Here, we consider the extension of this purely hydro-mechanical modelling to electrically
charged and saturated porous media recently developed in [23]. Thus, transposing the multiscale cou-
pled representations of saturated clayey materials [30, 38] based on the seminal paper of [3], our
strategy consists in deriving a Biot-like constitutive equation from a microscale analysis. On the one
hand, the solid phase of cortical bone obeys to the piezoelectric constitutive equation :

Ss = C : ε(u) + ΠT · ∇φs, (8)

whereSs is the second-order stress tensor in the solid,?T stands for the transpose operator andε(?) =
(∇ ? +∇?T )/2 is the operator that gives the symmetric part of the gradient of the quantity?. This
operator is also used to express the symmetric part of the interstitial fluid velocityv hereafter.
On the other hand, the constitutive equation for the Newtonian fluid phase involves the Donnan osmotic
pressureπD and the second-order Maxwell tensorτM characterising the electrical effects :

Sf = −(p + πD)I + 2µf ε(v) + τM , (9)

whereSf is the stress tensor in the fluid andµf is the dynamic viscosity of the fluid. The osmotic
pressure typically corresponds to the swelling pressure, as observed in clayey materials [35, 29] and is
expressed thanks to the double-layer potential :

πD = 2RTn(cosh ϕ̄− 1). (10)

Furthermore, the Maxwell tensorτM is defined thanks to the electric field vector in the fluidEf by :

τM =
εf

2
(2Ef ⊗ Ef − (Ef · Ef )I), (11)

⊗ being the tensor product. The use of this constitutive equation in the equilibrium equation of the
fluid phase simply gives the Stokes equation used to describe the interstitial fluid movement. It can be
noticed that the divergence of the Maxwell tensorτM simply represents the Coulombic force [38].
After upscaling, the piezoelectric effects fade away at the macroscale [23] and the overall momentum
balance equation, involving the total stress tensor,Stot =< Ss > + < Sf >, expressed from the
averaged stress tensors in the solid and fluid phases, reads :

∇X · Stot = 0. (12)

The total stress tensor obeys to a coupled Biot-like equation explicitly derived elsewhere [23] :

Stot = C∗ : εX(u)−α∗p + τ ∗. (13)

In this equation,εX corresponds to the macroscopic part of the operatorε, that is to say built from∇X .
Furthermore, the homogenized fourth-order elasticity tensorC∗ and the homogenized Biot second-
order tensorα∗ are obtained following the classical treatment of poroelasticity as proposed by [3].
Moreover, the macroscopic electro-chemical tensorτ ∗ representing the macroscopic effects of the fluid
electro-chemical phenomena is similar to the one previously obtained for the multiphysical description
of clayey materials [30, 38]. This tensor accounts for : i) the spherical Donnan pressure effect ; ii)
the action of the Maxwell tensor ; iii) the electro-chemical effects occurring at the solid-fluid interface
[23].

4 CONSEQUENCES ON BONE REMODELLING SIGNALS

This model of bone behaviour was used to highlight the effects of multiphysical phenomena on bone
physiology [18, 51].
Adopting the multiscale approach extensively presented in [23], we showed that a classical treatment
of the bone behaviour only involving the hydro-mechanical effects is more or less sufficient to reco-
ver the bone hydro-mechanical macroscopic behaviour [24]. In fact, the electro-chemical phenomena
being originated by the electric charge of the solid-fluid interface, the canalicular pores are large en-
ough to limit their consequences at the tissue level. The double-layer and piezoelectric effects are thus
purely microscopic. They only slightly modify the macroscopic ionic transport, whereas the behaviour
of bone can be fairly well described by classical poroelasticity combined with the usual Darcy law.
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Consequently, classical bone modelling efforts involving poroelasticity adequately evaluate the fields
associated with the fluid phase (pressure field, Darcian velocity, etc.) at the tissue level.
Notwithstanding this efficiency of classical macroscopic approaches, they ignore the phenomena oc-
curring at the cell scale. In particular, the mechanotransduction of the remodelling signals, which is
microscopic by nature, is often only represented throughad hocmacroscopic laws [1, 56]. In conse-
quence, the electro-chemical effects located at the cellular level are simply left aside. Even if invisible
at the tissue scale, the microscopic implications of electro-chemistry in the cellular mechanosensa-
tion cannot be neglected since we showed that electro-chemically driven fluid shear stress inducing
a bone cells response could be obtained [18]. Indeed, the electro-chemical contributions to the local
fluid signals are more important near the cell membrane where the double-layers develop. As a result,
a purely macroscopic description of bone remodelling provides a somewhat skewed representation of
the in vivo remodelling signals.

5 CONCLUSIONS AND PROSPECTS

Through the poromechanical coupling, the correlation between interstitial bone fluid flow and the ske-
leton mechanical sollicitations is the key element to understand the mechanoadaptation ability of this
organ. Since the experimental description of the fluid flow within the bone tissue is still a very challen-
ging topic [28, 11], theoretical approaches are often carried out to understand the in vivo phenomena
that govern bone behaviour. With our multiscale and multiphysical approach, we have been able to
put into relief the necessity to consider electro-chemical phenomena in the bone cells activity. Even
if washed out at the tissue level, these microscopic electro-chemical signals remain important in the
neighbourhood of the cells.
Our current avenue of research is now to question another classical assumption in the bone fluid flow in-
duced mechanotransduction : the nanopores of the collagen-apatite matrix are too small to contain free
water, and thus to participate to bone fluid flow. Using molecular dynamics approaches, we recently
showed that this assumption may be doubtful since we were able to simulate nanoscopic Poiseuille-like
profiles in hydroxy-apatite pores of a few nanometers [43, 33].
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