
Vol.:(0123456789)1 3

Biomechanics and Modeling in Mechanobiology (2023) 22:2135–2152 
https://doi.org/10.1007/s10237-023-01755-w

ORIGINAL PAPER

An orthotropic continuum model with substructure evolution 
for describing bone remodeling: an interpretation of the primary 
mechanism behind Wolff’s law

Ivan Giorgio1,2 · Francesco dell’Isola1,2,5,6 · Ugo Andreaus3 · Anil Misra2,4

Received: 11 June 2023 / Accepted: 16 July 2023 / Published online: 5 August 2023 
© The Author(s) 2023

Abstract
We propose a variational approach that employs a generalized principle of virtual work to estimate both the mechanical 
response and the changes in living bone tissue during the remodeling process. This approach provides an explanation for 
the adaptive regulation of the bone substructure in the context of orthotropic material symmetry. We specifically focus upon 
the crucial gradual adjustment of bone tissue as a structural material that adapts its mechanical features, such as materials 
stiffnesses and microstructure, in response to the evolving loading conditions. We postulate that the evolution process relies 
on a feedback mechanism involving multiple stimulus signals. The mechanical and remodeling behavior of bone tissue is 
clearly a complex process that is difficult to describe within the framework of classical continuum theories. For this reason, 
a generalized continuum elastic theory is employed as a proper mathematical context for an adequate description of the 
examined phenomenon. To simplify the investigation, we considered a two-dimensional problem. Numerical simulations 
have been performed to illustrate bone evolution in a few significant cases: the bending of a rectangular cantilever plate and 
a three-point flexure test. The results are encouraging because they can replicate the optimization process observed in bone 
remodeling. The proposed model provides a likely distribution of stiffnesses and accurately represents the arrangement of 
trabeculae macroscopically described by the orthotropic symmetry directions, as supported by experimental evidence from 
the trajectorial theory.
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1  Introduction

Wolff’s law statement concerns the concept of “bone 
functional adaptation” to mechanical loadings. It is a 
well-known principle named after the German anatomist 
and surgeon Julius Wolff which states that the micro-
mechano-morphological properties of bone are primar-
ily, albeit not entirely, a consequence of bone response to 
mechanical deformation  (Wolff 1892). More specifically, 
the law asserts that bone will remodel itself over time in 
response to the mechanical loads placed upon it, becom-
ing denser and stronger in areas subjected to increased 
stress while weakened and more susceptible to fractures 
in areas subjected to less stress. Wolff’s law has important 
implications for the prevention and treatment of condi-
tions such as osteoporosis, as weight-bearing exercise and 
other forms of physical activity that can help maintain 
bone density and reduce the risk of fractures. Furthermore, 
specific dental treatments utilize Wolff’s law to enhance 
the alignment of teeth within the dental arches (Cornelis 
et al. 2021). Bone remodeling in the vicinity of osteomy-
elitis (Masters et al. 2019) affected bone could also be 
influenced by the changed local loading environment both 
during disease development and after surgical treatment 
(Lamm et al. 2015).

This remodeling process is ensured by the synergic 
activity of three types of bone cells with different func-
tions in the growth, maintenance, and repair of bone tis-
sue: osteoclasts, osteoblasts, and osteocytes. Osteoclasts 
are large, multinucleated cells that dismantle mineral tis-
sue through a process called resorption. They are respon-
sible for removing old, damaged bone tissue and releasing 
calcium and other minerals into the bloodstream. Osteo-
blasts are cells that synthesize and deposit new bone tissue 
through a process called ossification. They secrete col-
lagen and other proteins that form the framework for new 
bone tissue and also help to mineralize the bone matrix 
with hydroxyapatite, i.e., a calcium phosphate mineral. 
Osteoblasts are responsible for the growth and repair 
of bone tissue and play a key role in maintaining bone 
density and strength. Osteocytes are mature bone cells, 
deriving from the differentiation of osteoblasts, embed-
ded within the mineralized matrix of bone tissue buried 
into tiny spaces called lacunae. They play a crucial role in 
regulating bone metabolism and responding to mechanical 
stresses placed on the bone that involves a process called 
mechanotransduction. Osteocytes are a kind of sensor cell 
connected to one another and to the bone surface by long, 
branching structures called dendritic processes housed in 
an intricate network of canals between the lacunae, called 
canaliculi, and filled with interstitial (periosteocytic) fluid. 
They communicate with the other bone cells to coordinate 

bone remodeling and repair. The activity of all these cells 
is essential for maintaining a balance between bone resorp-
tion and bone formation and for ensuring that bone tis-
sue is constantly being renewed, replaced, and fit for its 
mechanical task.

The activity of bone cells results in the constitution and 
continuous shaping of two types of bone tissue that can be 
found in the human body: cortical and trabecular bone. 
They have different characteristics and serve different func-
tions. Cortical bone, also known as compact bone, is the 
denser, more resistant outer layer of bone that makes up 
the shafts of long bones, such as the femur. It is composed 
of tightly packed layers of mineralized collagen fibers and 
is responsible for providing structural support and pro-
tection for the body and vital organs. They form cylindri-
cal substructures called osteons. Cortical bone, due to its 
mechanical properties and space distribution, is relatively 
resistant to bending and twisting forces and is well-suited 
for weight-bearing activities. Trabecular bone, also known 
as spongy bone or cancellous bone, is a lighter, less dense 
type of bone tissue that is found at the ends of long bones 
and in the interior of short bones. It is composed of a net-
work of bony struts called trabeculae that provide support 
for the bone and help distribute weight and stress. Trabecular 
bone is more compliant and can better withstand compres-
sion forces, making it an essential component of the body’s 
shock-absorbing system, also considering that it is filled with 
bone marrow that has damping properties. Both types of 
bone tissue are important for maintaining overall bone health 
and function (Giorgio et al. 2021).

The bottom line is that the structure of bone tissue main-
tains a delicate balance between providing strength and sup-
port to the body while minimizing the cost of nutrients and 
required energy for the living cells operating in it (Bednarc-
zyk and Lekszycki 2016, 2022). By adjusting the distribu-
tion of bone mass and arranging its microstructure in an effi-
cient composite structure, bone tissue is able to achieve this 
balance and maintain its function and integrity over time. 
Bone achieves this balance in response to the mechanical 
strain induced by external loads to which it is subjected. This 
means that areas subjected to more significant stress, such as 
the weight-bearing bones in the legs, will have more mass 
density than areas subjected to less stress, such as the bones 
in the fingers. This can be achieved, for example, through 
changes in the diameters and numbers of the trabeculae 
(Zhao et al. 2018). Besides, bone can also achieve an effi-
cient composite structure by re-arranging its microstructure 
to maximize strength while minimizing weight, specifically 
by reorienting the pattern of the trabeculae depending on 
the direction of the external forces applied (Kivell 2016).

Usually, to explain the reorientation of the inner micro-
architecture of bone tissue, the so-called trajectorial the-
ory (Lanyon 1974) is employed, which assumes that the 
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principal stresses are one of the main factors in determining 
the structure of trabecular bone tissue. More precisely, it is 
observed that the directions of the cancellous microstructure 
tend to be aligned to the eigenvectors of stress. Observed 
discrepancies in this alignment is mainly due to the different 
kinds of external loads that actually are applied to the bone 
tissue in different situations: each of these loads obviously 
determine different directions of principal stresses. There-
fore, the effective trabecular orientation has to be consid-
ered as the weighted average result produced by the several 
mechanical loads applied during the functioning of the sys-
tem “bone structure”.

From a modeling viewpoint, bone remodeling can be 
regarded as a feedback phenomenon in the control theory 
framework (Frost 1987; Turner 1991). The stiffness tensor 
and material strength can be considered controlled quantities 
in this biological process. Thus, a control loop is established 
to regulate those variables at a setpoint, i.e., the so-called 
homeostatic state. To this end, the amount and the distribu-
tion of bone mass are changed to guarantee optimal func-
tionality of the bone tissue. Indeed, based on the external 
request for mechanical resistance, the active bone cells, i.e., 
process actuators, can resorb or synthesize bone tissue based 
on the information provided by the osteocytes in charge of 
sensing the mechanical state of the tissue. In an effort to 
explain this biological process, an early attempt has been 
made introducing an evolutionary equation for apparent 
mass density (bone tissue is a porous material) that relied 
on a mechanical feedback signal (Beaupré et al. 1990; Mul-
lender and Huiskes 1995). This is because bone mass density 
is directly linked to its stiffness; therefore, any changes in 
mass density would also alter the elastic modulus. Based 
on empirical evidence, this relationship between apparent 
mass density and stiffness has been introduced phenomeno-
logically (Carter and Hayes 1976; Currey 1988). Thus, the 
change in the mass density also results in an adaptive evolu-
tion of the elastic modulus that optimizes the mechanical 
response of the bone. This approach is particularly suited 
for an isotropic behavior of the considered tissue since the 
apparent mass density is a scalar quantity and, hence, does 
not directly imply any mechanical properties linked with 
the reorientation of the trabecular microstructure. Therefore, 
the initial models incorporating mass density evolution have 
been primarily utilized for isotropic materials.

To take into account also the reorientation evolution, 
thus, it has been proposed a direct evolution of the stiffness 
tensor through a remodeling tensor that, in this context, is 
related to variables such as the apparent mass density and 
fabric tensor, which are intricately linked to the porosity and 
directionality of the trabeculae (Cowin et al. 1992; Doblaré 
and Garcıa 2002). These formulations can also be applied to 
orthotropic or anisotropic materials because of the tensorial 
nature of the stiffness tensor. However, some approaches are 

still based on mass density, even in orthotropic scenarios. 
Using phenomenological relationships, the distinct elastic 
moduli can be evaluated from the mass density. One poten-
tial limitation of this proposal is that the orthotropy direc-
tions are predetermined. In Sarikanat and Yildiz (2011), 
these directions are postulated to be aligned with the stress 
isolines following the trajectorial theory. However, it is 
worth noting that this perspective does not entail any form 
of evolution for the orthotropy directions.

The feedback signal is usually evaluated using a mechani-
cal stimulus that conveys the information of the mechanical 
state considered pertinent for the particular adopted for-
mulation. This mechanical state can be specified by strain 
energy density (Huiskes et al. 1987), effective stress (Carter 
et al. 1987; Beaupré et al. 1990), strain peak (Turner 1998), 
or damage variable (Prendergast and Taylor 1994; Hambli 
2014), to name a few. There are two types of stimulus for-
mulation: local and nonlocal. Local models apply the evo-
lution law to each point of the body individually without 
directly considering the mechanical state of nearby points. 
Conversely, nonlocal models provide an evolution for each 
point in the body incorporating data from that point and 
other points in a specified finite surrounding volume of 
material. Nonlocal models are based on convolution inte-
grals (Lekszycki and dell’Isola 2012; Kumar et al. 2011; 
George et al. 2018, 2019) or diffusion equations (Giorgio 
et al. 2019; Scerrato et al. 2022) and guarantee the possibil-
ity of describing the interaction between bone tissue and 
graft of bio-resorbable material or between healthy bone and 
necrotic tissue in which osteocytes could be dead. This kind 
of interaction is prevented from happening in local mod-
els because no stimulus can be generated where osteocytes 
are absent. On the contrary, with the nonlocal effect, the 
stimulus originating in surrounding areas can reach zones 
without osteocytes and trigger the remodeling process, as 
in fact occurs.

Bone tissue is characterized by a variegated architecture 
with multiple levels of complexity. Due to this, the conven-
tional continuum elastic theory fails to accurately describe 
its intricate mechanics in different circumstances. For this 
reason, generalized continuum theories can be adopted to 
imitate the behavior of the real tissue more accurately and 
efficiently. The presence of high contrast in the mechani-
cal properties of the bone may lead to the use of second 
gradient models that can represent a more rich behavior in 
terms of deformation modes and boundary conditions sus-
tainable (Fedele 2022; dell’Isola et al. 2022; Solyaev et al. 
2020; Vazic et al. 2021, 2023; Sarar et al. 2023; Carter et al. 
1987; Andres et al. 2001). Strictly related models are those 
that deal with fiber-reinforced composites (Steigmann 2012; 
Franciosi et al. 2019; Spagnuolo 2022) since the mineraliza-
tion of the tissue starts from a network of collagen fibers in 
the new woven bone.
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Another aspect that is essential in a refined description 
of bone tissue is porosity. Models that take into account this 
aspect can explain phenomena involving inner pore pres-
sure and possible dissipation due to the interaction between 
the solid matrix and viscous fluids, namely bone marrow, 
interstitial fluid, and blood, contained in it. The dissipation 
can be introduced using phenomenological laws, as can be 
found in (Jankowski et al. 2022; Sessa 2023), or more fun-
damentally, using Rayleigh functional (Giorgio et al. 2016). 
Due to the various types of porosity found in bone tissue, 
it is possible to utilize models with double or even higher 
porosity (see, e.g., De Cicco and De Angelis 2020; De Cicco 
2022). Naturally, it is possible to use more complex models, 
such as poroelastic materials with fiber reinforcement and 
potential fluid inclusion, to depict the mechanical behavior 
of bones accurately (Tomic et al. 2014; Grillo et al. 2015, 
2018; Cuomo et al. 2022; Gazzo et al. 2020).

Experimental evidence on bone samples revealed non-
classical effects associated with the microstructure (Park 
and Lakes 1986). This exotic behavior can be considered in 
the context of micropolar theory (see, e.g., Eremeyev and 
Pietraszkiewicz 2012, 2016; Eremeyev et al. 2017, 2020; 
La Valle 2022).

The implementation of a variational formulation repre-
sents an elegant and effective approach to comprehending 
the relationship between the evolution of bone micro-archi-
tecture and the underlying physical laws that govern their 
behavior. This technique proves particularly advantageous 
in addressing complex problems, such as those encountered 
in studying bones and growth phenomena (Grillo and Di 
Stefano 2023; Grillo and Di Stefano 2023). This powerful 
approach can also be used to address challenging problems, 
such as those involving damage, that are intrinsically con-
nected to the evolution of bone tissue (Placidi et al. 2018, 
2018, 2019; Timofeev et al. 2021; De Angelis 2007). Numer-
ous authors interpret the remodeling of bone tissue as a com-
plex optimization problem in which the local properties of 
mass and stiffness are regarded as conflicting objectives that 
must be balanced. From this perspective, once again, the 
variational tools provide a powerful arsenal at our disposal 
to obtain the optimized substructure underlying the bone tis-
sue (see, as general reference Bendsoe and Sigmund 2003; 
Eschenauer and Olhoff 2001, and as a more specific applica-
tion to the bone Nowak 2010, 2020).

In this paper, we propose a possible way to incorporate 
the fundamental aspect of reorientating the trabecular micro-
architecture of bone tissue in an elastic continuum scenario 
at a macroscopic level of observation. The material behavior 
is assumed to be orthotopic. The governing equation for the 
remodeling process is deduced from a variational point of 
view through the definition of a generalized virtual work 
that takes into account both the mechanical response and the 
evolution of the trabecular microstructure. The stimuli used 

as feedback signals to guide the process are defined on an 
energetic basis and have a nonlocal formulation that relays 
on diffusion equations.

2 � Modeling of the evolution process related 
to bone functional adaptation

2.1 � Kinematics

As happens in standard continuum mechanics, the posi-
tion x occupied by any particle X at the time t ∈ [t0, tf ] in 
the current configuration is given by the placement map 
� ∶ B

∗ × [t0, tf ],→ E
3 , where E3 is the Euclidean 3D affine 

space,

where the material particles in the reference configuration 
are denoted by X in the domain B∗.

Aiming to describe the bio-mechanical behavior of a bone 
tissue as a continuum deformable body having orthotropic 
material symmetry, in each material point and at every time 
instant, we introduce a material symmetry rotation Q(X, t).

Equivalently, one may consider the three time-variable 
orthogonal unit vectors

where 
{
ei
}
 is an orthonormal basis in the space of dis-

placements of E3 . Moreover, we assume that the organism 
in which the bone tissue is incorporated has a bone tissue 
control system activated by suitable stimuli, which are gener-
ated as a response of the tissue mechanical state and which 
determine its production and adsorption.

Therefore, to model the bio-mechanical evolution of 
the bone tissue, we use the following list of kinematical 
descriptors: 

1.	 The displacement field, denoted by u(X, t) = �(X, t) − X,
2.	 The angles characterizing the rotation Q with respect to 

an Eulerian basis,
3.	 The set of material parameters, which characterize the 

orthotropic quadratic elastic energy,
4.	 The set of stimuli that are needed to guide the remod-

eling process.

The spirit here is to consider a generalized continuum theory 
where the overall evolution of the system is given by the 
standard descriptor, i.e., the placement � or, equivalently, 
the displacement u , as well as further ones that specify both 
the mechanical properties of the tissue and the process of 

(1)x = �(X, t)

Q(X, t)ei ∶= Ai(X, t),



2139An orthotropic continuum model with substructure evolution for describing bone remodeling:…

1 3

the bio-mechanical transduction guided on the information-
based stimuli production.

Let us denote by � , the variables specifying the orienta-
tion A1(X, t) and A2(X, t) , by p(X, t) the entire set of elastic 
moduli, and, finally, by S = {Spi} the vector whose compo-
nents represent the bio-mechanical stimuli, being each of 
them associated with each modulus pi.

In the present model, the deformation measure is given 
in terms of the deformation gradient tensor F = ∇� , and 
specifically by means of the linearized strain tensor

Because of the complexity of the system, we presently 
confine our further development to the particular signifi-
cant case in which a bi-dimensional domain B∗ is taken into 
account. The interesting results we believe to have obtained 
will motivate the development of a full 3D model. In the 
case of 2D evolutions, as only one angle is sufficient to char-
acterize the orientation Q defining the evolutionary reori-
entation of the trabecular substructure, we can proceed as 
follows. We introduce the macro-rotation related to the polar 
decomposition of F

in which the rotation R is characterized by an angle � in the 
bi-dimensional problem and U gives the deformation. Then, 
assuming that the microstructure associated with the tra-
beculae can be represented by the angle � , which gives, e.g., 
the orientation of A1 , we can introduce the relative angle

that represents a measure of misalignment between the mate-
rial directions of symmetry and the current orientation of the 
infinitesimal material cube at the same location due to the 
application of the external load.

2.2 � Principle of virtual work

A generalized virtual-work principle is postulated for the 
independent virtual displacements �u , its virtual gradient 
�∇u , the virtual change in the parameters �� , and �pi as 
follows:

(2)E =
1

2

(
F⊤ + F

)
− I =

1

2

(
∇u⊤ + ∇u

)

(3)F = R(�)U

(4)�(X, t) = �(X, t) − �(X, t).

(5)

∫
B
∗

𝛿wm d𝜔 − ∫
𝜕B∗

f ⋅ 𝛿u dl − ∫
𝜕B∗

� ⋅ 𝛿∇u ⋅ n dl

+ ∫
B
∗

(c𝛾 𝛾̇ + 𝜏𝛾𝛾)𝛿𝛾 d𝜔

+
∑

i
∫
B
∗

[
cpi ṗi −A(Spi)

]
𝛿pi d𝜔 = 0

The first line of (5) is representative of the mechanical con-
tribution given by the stored strain energy, namely wm , and 
the external virtual work done by the traction f  per unit 
line and the density of double force �  since we consider 
second gradient materials (Madeo et al. 2012; Giorgio et al. 
2017; Ganghoffer et al. 2019). The last two contributions 
are related to the mechano-biological evolution driven by 
the mechanical response. In them, we can interpret c𝛾 𝛾̇ and 
��� as remodeling couples, where c� and �� are constitutive 
parameters that relate to the time rate of the evolution of � 
and the evolution of � , respectively. In addition, cpi ṗi and 
−A(Spi) could be thought as remodeling actions that expend 
a mechano-biological work on the material parameter pi . 
Similarly to the previous term, cpi is a constitutive param-
eter linked to the time rate of the evolution of the elastic 
modulus pi and A  is a biological potential associated with 
the evolution of pi . It is worth noting that the weak contribu-
tion related to the remodeling actions in the last term of (5) 
produces an evolutionary term very similar to the one used 
in Eq. (5) in Giorgio et al. (2019).

The key idea of the model is to define a total bio-mechan-
ical work as the sum of two contributions: 1) the first one 
able to characterize the mechanical response of bone and 2) 
the second one to determine the evolution of the inner archi-
tecture of the tissue considering both the orientation of the 
substructure and its stiffness. Since the complex phenom-
ena involving the bone tissue develop on a multilevel time 
scale and the remodeling process is happening very slowly, 
herein, we neglect the rapid dynamic associated with the 
bone mechanics assuming a clear separation of time scale 
between the fastest variations related to the application of 
mechanical loads and the slow process of the remodeling. 
For this aim, we consider loads slowly variable in time, and 
thus, we neglect inertial phenomena.

To be more specific, we can introduce the energy (Cyron 
and Aydin 2017; DiCarlo and Quiligotti 2002):

where wm is the standard orthotropic second gradient 
mechanical deformation energy and wr is the mechano-bio-
logical term which captures biologically induced changes 
of the bone substructure and, thus, is representative of the 
stress-free configuration of the tissue over the remodeling 
process.

To describe the mechanical response of the bone tissue, 
we take as our starting point the constitutive equations for 
orthotropic materials. In this paper, we adopt, for the strain 
energy density wm , the Galilean invariant function:

in which, for simplicity, we consider two additive terms: one 
related to a first gradient behavior and the other to a second 

(6)w(F,∇F,� , � , p, S) = wm(F,∇F,� , p) + wr(� , p, S)

(7)wm(E,∇E) = w1(E) + w2(∇E)
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gradient one. Particularly, the first gradient contribution can 
be specialized as

where J1 , J2 , J4 , J5 , J6 , and J7 are the invariants character-
izing the material symmetry in linear elasticity, that are 
defined as follows:

Assuming small deformations, the dependence of the strain 
energy given by (8) could be assumed quadratic in the dis-
placement field at leading order, and therefore, a function 
possessing material orthotropic symmetry is (Spencer 1982, 
1984, Spencer and Soldatos 2007)

in which K, � , �1 , �2 , and �1 , �2 are material coefficients and 
�1 , �2 , and �3 are coupling coefficients. We remark that the 
first two terms in (10) are associated with the hydrostatic and 
deviatoric contribution to the isotropic part of deformation. 
Here, all the material parameters may be inhomogeneous.

To complete the definition of the elastic stored energy, 
we assume also a second gradient contribution. The rea-
son for which we postulate this further contribution to the 
stored energy must be attributed to the trabecular sub-
structure of bone. Indeed, in the regions characterized by 
a very low mass density, we can assume that the trabeculae 
are very thin and long with weak connections, which may 
imply the need, at macro level, of second gradient models 
(Giorgio et al. 2017; Abdoul-Anziz and Seppecher 2018; 
Abdoul-Anziz et al. 2019; dell’Isola et al. 2022). This typi-
cally occurs in areas subject to minimal deformation (i.e., 
high porosity) or in the case of a disease like osteoporo-
sis. In this special cases, a simple energy function which 
involves some second gradient effects with orthotropic 
symmetry is (Steigmann and dell’Isola 2015, Giorgio et al. 
2016)

where �1 and �2 are second gradient moduli and the nota-
tion “,” indicates partial differentiation. Moreover, the sec-
ond gradient contributions can be split into the tangential 
stretch gradient and the curvature parts considering the 
decomposition:

(8)w1 = ŵ1(J1, J2, J4, J5, J6, J7)

(9)
J1 = tr(E), J2 = tr(E2)

J4 = A1 ⋅ EA1 J5 = A1 ⋅ E
2
A1

J6 = A2 ⋅ EA2 J7 = A2 ⋅ E
2
A2

(10)

w1(E) =
1

2
K J1

2 + �

(
J2 −

1

2
J1

2
)

+
(
�1 J4 + �2 J6

)
J1 + 2�1 J5 + 2�2 J7

+
1

2
�1 J4

2 +
1

2
�2 J6

2 + �3 J4J6

(11)
w2(∇E) =

1

2

(
�1 |(A1)p(A1)q � ,pq|2 + �2 |(A2)p(A2)q � ,pq|2

)

where �iai = FAi (no summation convention), �i = ||FAi
|| , 

�i are the geodesic curvatures induced by the deformation 
on the trabecula (Shirani and Steigmann 2020) (see, e.g., 
Fig. 1). The vectors ni are orthogonal to ai . With the decom-
position (12), the second gradient energy density is assumed 
to be

being explicit the terms which refer to tangential stretch gra-
dient effects and bending deformation. The same splitting 
procedure can be made for the stiffnesses, so we have �s

1
 and 

�s
2
 for the tangential stretch gradient stiffnesses and �b

1
 and 

�b
2
 for the bending stiffnesses.
The mechano-biologic energy density, wr , responsible for 

the remodeling is considered as the summation of several 
contributions. Particularly, one, wR , is related to the reori-
entation of the orthotropic symmetry direction A1 (which is 
associated with the directions of trabecular substructure), 
and all the others gathered in ws are associated with the evo-
lution of the material stiffnesses characterizing the mechani-
cal response. Thus, we have:

By specifying the stored strain energy as (10) and (11), we 
can specialize p as {p1, p2,… , p13} = {K,�, �1, �2,… ,�b

2
}.

With the definition (4), we assume that

where �� is a mechano-biological parameter associated with 
the level of energy that can be stored in such a process.

(12)(Ai)p(Ai)q � ,pq = (Ai ⋅ ∇�i) ai + �2
i
�ini

(13)
w2(∇E) =

1

2

[
�s

1
(A1 ⋅ ∇�1)

2 + �s

2
(A2 ⋅ ∇�2)

2
]

+
1

2

[
�b

1

(
�2
1
�1
)2

+ �b

2

(
�2
2
�2
)2]

(14)wr(� , p, S) = wR(�) + ws(p, S)

(15)wR(�) =
1

2
���

2

Fig. 1   Material directions A
i
 in the reference configuration aligned to 

the trabecula pattern and their images a
i
 under the tensor F for the 

section of a femur
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It is worth mentioning that, in a more general context, the 
angle � can be replaced with the rotation Q and the relative 
angle can be evaluated approximately by

since the deformation tensor U tends to I in the small defor-
mation regime.1 Therefore, we have

In the mechano-biological process, some energy dissipation 
occurs over time during the transition between different ori-
entations; therefore, we define a Rayleigh dissipation func-
tion also to take into account this aspect, namely

where c� is a kind of “viscous” parameter. Therefore, a term 
c𝛾 𝛾̇ 𝛿𝛾 can be introduced in the virtual-work formulation, 
which implies a non-conservative phenomenon.

To define the evolution of all the material stiffnesses 
and coupling coefficients, we use the contribution ws which 
depends on them. In particular, for each material parameter 
pi (with i = 1,… , 13 ), we can define the biologic potential 
energy as

where A(Spi) can be interpreted as a remodeling action 
which affects the material parameter pi and Spi is the stimu-
lus associated to such an evolution (Giorgio et al. 2019). The 
remodeling action is assumed to be a linear function of the 
stimulus as follows:

where �pi represents a mechano-biological gain to be tuned 
with experimental evidence and S0

pi
 is a reference stimulus 

introduced to set the homeostatic state. The difference 
between the actual stimulus Spi and the reference one gives 
feedback on how the system is far from homeostasis and, 
therefore, drives the evolution to restore this functional point 
of operation.

(16)� = Q⊤F

(17)� ≈ arctan

(
Γ21

Γ11

)

(18)DR =
1

2
c𝛾 𝛾̇

2

(19)wsi(pi, Spi) = −A(Spi) pi

(20)A(Spi) = �pi(Spi − S0
pi
)

Finally, gathering all the contributions for the stiffnesses, 
we postulate

Similarly to the reorientation evolution, a Rayleigh dissipa-
tion function is introduced also for the materials coefficients 
pi in the form:

with cpi the related viscous coefficient.

2.3 � Evolution equations for stimuli

In this section, we postulate, independently from the prin-
ciple of virtual work, a set of evolution equations for bio-
mechanical stimuli.

We consider as an open, and important, problem the pos-
tulation of a unique variational principle from which this 
last kind of evolution equations can be deduced as conse-
quence (see, Barchiesi and Hamila 2022, for a first attempt, 
even if in a slightly different context). Here, we consider 
the stimulus field (as depending, in our simplified model, 
on the material particle and time) as a modeling tool in the 
description of the mechanically guided remodeling action 
occurring in bone tissues.

We postulate that the mechanical state, acquired by sensor 
cells, i.e., osteocytes, determines this stimulus. This stimulus 
is then the activator of the biological agents which remodel 
the bone tissue. As the principal path for the transmission of 
the information acquired by sensor cells, concerns the action 
of paracrine factors, which are chemical agents, released and 
spread via the diffusion, we postulate a diffusive model to 
describe the evolution of the stimulus field.

Therefore, for each material parameter pi , we postulate 
the evolution of the corresponding stimulus as follows:

where dpi is a damping coefficient, �pi the diffusion coeffi-
cient assumed constant and thus isotropic for the sake of def-
initeness and tractability, r(Upi

) is a source term, and s(Spi) 
is an absorption function. Following the work (Branecka 
et al. 2022), where the evolution of different material coef-
ficients is determined by the energy contribution associated 
with the same coefficient, here we set the source term r as 
proportional to the portion of the energy density relative to 
the same coefficient. For example, to define this contribu-
tion related to the shear coefficient � in (10), we set in the 
bi-dimensional formulation

(21)ws =
∑

i

wsi(pi, Spi)

(22)Dsi =
1

2
cpi ṗi

2

(23)dpi

�Spi

�t
= ∇ ⋅

(
�pi∇Spi

)
+ r(Upi

) − s(Spi )

1  Indeed, we can write:

and, thus, an approximation of the relative angle � = � − �.

� =Q⊤
RU ≈ Q

⊤
R =

(
cos(𝜓) sin(𝜓)

− sin(𝜓) cos(𝜓)

)(
cos(𝜗) − sin(𝜗)

sin(𝜗) cos(𝜗)

)

=

(
cos(𝜗 − 𝜓) − sin(𝜗 − 𝜓)

sin(𝜗 − 𝜓) cos(𝜗 − 𝜓)

)
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and, for the sake of simplicity, the coefficient of propor-
tionality is assumed to be 1. As usually done in the diffu-
sion equation, the sink term s is defined proportional to the 
stimulus itself as follows:

being R the absorption coefficient related to the metabolic 
activity associated with the stimulus.

3 � Numerical results and discussion

The proposed model has been tested through numerical sim-
ulations in some illustrative cases. In particular, we consider 
a rectangular sample made of trabecular bone tissue. In the 
first test, we analyze a cantilever plate under a uniform dis-
tribution of a shear force density �(t) on the side opposite the 
clamp (see Fig. 2). The second test, instead, is a three-point 
flexural one, where we employ the symmetry of the system 
to examine only half of the specimen (see Fig. 10). Since our 
formulation is variational, the numerical implementation of 
the tests has been conducted with the finite element method 
using the principle of virtual work (5) directly inside the 
commercial software COMSOL Multiphysics. We perform 
simulations in Comsol for testing the proposed approach 
because of its high flexibility and ease of use. Indeed, it 
is possible to implement the governing equation directly 
using the weak formulation. However, the general-purpose 
nature of the software does not allow for specific code opti-
mization for the considered problem. To achieve this, one 
can consider implementing isogeometric analysis (Greco 
and Cuomo 2021; Greco et al. 2021; Torabi and Niiranen 
2023) or an ad hoc discretization (Turco et al. 2016; Turco 
2018, 2022) in a subsequent phase of the development of 
the model.

The simulations has been performed for a rectangular 
domain of 75 × 25 mm dimension, and the initial mate-
rial stiffnesses are listed in Table 1. The second gradient 
stiffnesses, for the sake of simplicity, are set to be equal, 
namely �s

1
= �s

2
= �b

1
= �b

2
= 1.5 N. The coefficients 

related to the evolutionary process for the reorientation of 
the material symmetry directions and the stiffnesses are 

(24)r(U�) = �

(
J2 −

1

2
J1

2
)

(25)s(Spi) = RSpi

reported in Tables 2 and 3. Herein, for the sake of simplic-
ity and tractability, we postulate that the evolution of a few 
stiffnesses is more significant than the others, and then, 
we neglect the adaptive process of these last that changes 
their magnitude. Therefore, the only stiffnesses we con-
sider to evolve are the shear modulus � and the stretching 

Table 1   Initial material 
parameters (GPa)

K � �
1

�
2

�
1

�
2

�
1

�
2

�
3

17.84 7.32 −2.87 −2.25 −1.71 −1.09 2.97 1.47 2.14

Table 2   Evolutionary 
parameters for the reorientation 
process

c� ��

6.048 × 105 Pa s 1 × 10−3 Pa

Table 3   Evolutionary parameters for the stiffness adaptive recalibra-
tion

c� �� S
0

�

6.048 × 1012 Pa s 1 × 104 Pa 3660 Pa
c�1

��1 S
0

�1

6.048 × 1012 Pa s 1 × 104 Pa 1484.8 Pa
c�2

��2 S
0

�2

6.048 × 1012 Pa s 1 × 104 Pa 734.29 Pa

Table 4   Evolutionary parameters for the diffusion of the stimuli

d� �� R�

3.024 × 106 Pa s 1 × 10−4 N 0.35 × 102 Pa

d�1
��1 R�1

6.048 × 106 Pa s 1 × 10−4 N 0.35 × 102 Pa

d�2
��2 R�2

6.048 × 106 Pa s 1 × 10−4 N 0.35 × 102 Pa

Fig. 2   Cantilever plate bending test set-up
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stiffnesses in the material symmetry directions, i.e., �1 and 
�2 . Finally, Table 4 shows the coefficients employed in 
the diffusion equations of the stimuli corresponding to the 
stiffnesses that are assumed to adapt to external mechani-
cal conditions. The initial values of the stimuli are set to 
zero and Neumann boundary conditions specify that the 
stimuli flow vanishes to have insulation from the outside. 
In what follows, on the boundaries for which the bound-
ary condition is not specified, the weak contribution or 
the dual is set to zero, as typically done for the adopted 
formulation.

3.1 � A rectangular cantilever plate bending 
under a uniform load per unit length

In the first case, we perform a numerical simulation aiming 
at reproducing the behavior of a rectangular plate of bone 
tissue under the typical arrangement of a cantilever sys-
tem. We set the displacement vector of the left short edge 
zero and apply a uniform shear force per unit length on the 
opposite edge variable in time. The initial transient of the 
force is designed to gradually reach a steady-state condi-
tion and avoid sudden variations of the displacement that 

Fig. 3   Bending test: distribution 
of �

1
 at steady state after the 

application of the load

Fig. 4   Bending test: distribution 
of �

2
 at steady state after the 

application of the load
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could induce some relevant inertial effects. The expression 
of the force applied is as follows:

where �0 is the magnitude of the force and Ts the exten-
sion of the transient. In particular, Ts = 60, 480 s and 
�0 = 1.25 × 105 N/m . This value corresponds to a steady-
state condition that is reached for the strain energy density 
wm in the considered case.

The results of this test show that the initially uniform 
distributed stiffnesses tend to increase their value where 
needed, i.e., where there is a localization of the contribu-
tion of energy associated with them, and decrease where 
the same energy density drops. Figures 3, 4, and 5 report 
this evolutionary change in the distribution of �1 , �2 , and 
� , respectively, together with the current final deforma-
tion. Indeed, the localization of the apposition of new bone 
tissue and its resorption is placed in the expected regions.

The other significant aspect of the proposed model, which 
is the possibility of having an evolution of the material sym-
metry directions, is shown in three-time subsequent steps 
(see Fig. 6): 1) at the beginning, where they are assumed 
parallel to the sides of the rectangular specimen; 2) at an 
intermediate step; and at the steady-state condition.

To better understand the magnitude of this result, we con-
sider the streamlines generated by these material symmetry 
directions at the end of the process and compare them with 
the isostatic lines related to the eigendirections of the strain 
tensor as shown in Fig. 7.

At first sight, they seem slightly different, but a more 
quantitative careful comparison demonstrates that they are 

(26)𝜏(t) =

{
𝜏0

[
t

Ts
−

1

2𝜋
sin

(
2𝜋

t

Ts

)]
t < Ts

𝜏0 t ⩾ Ts

Fig. 5   Bending test: distribu-
tion of � at steady state after the 
application of the load

Fig. 6   Bending test: evolution of the material symmetry directions for 
the bending cantilever test: (1) at the beginning; (2) at an intermediate 
stage; (3) at the steady-state condition
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Fig. 7   Comparison between: a streamlines generated by the unit vectors A
1
 and A

2
 ; b) isostatic lines for the bending test

Fig. 8   Bending test: difference 
between the angles between the 
vectors A

1
 and A

2
 and the eigen-

vectors of the stress
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the same almost everywhere except for very tiny regions (the 
green ones), as shown in Fig. 8. Actually, Fig. 8 displays the 
difference between the angles related to the vectors A1 and 
A2 and those associated with the eigenvectors of the strain. 
This plot allows seeing that these two fields share the same 
angle or an angle of �∕2 in most of the domain. Therefore, 
since the two eigenvectors and the two fields of material 
symmetry must be orthogonal to each other, this implies 
that the isostatic and material symmetry directions coincide, 
and at least they exchange their order where the difference is 
�∕2 , accordingly with the trajectorial theory.

The slight changes in the angles in the green regions of 
Fig. 8 are indeed related to the exchange between the two 
vector fields passing through areas with a different repre-
sentation, namely a sort of transition zone. We can notice in 
Fig. 9 that passing through this region the same direction of 
orthotropy Ai (in the picture A1 is indicated with blue arrows 
and A2 with red arrows) stops being parallel to one eigendi-
rection of the strain tensor to align with the other, which is 
rotated of �∕2 relatively to the first, and simultaneously the 
same switch happens to the other direction of orthotropic 
symmetry.

3.2 � A three‑point flexure test

The second case examined is a three-point flexure test. The 
effects of a test fixture having pins interacting with the bone 
specimen during the test are simulated with an elastic barrier 
of potential that impedes the sample from overlapping with 
them. Specifically, we use a frictionless penalty method to 
mimic the contact between the pins and the bone tissue. The 
specimen is placed on two fixed supporting pins set apart 

Fig. 9   Bending test: Enlargement of the vectors A
1
 (blue arrows) and 

A
2
 (red arrows) in the transition zone

Fig. 10   Three-point flexure test set-up

Fig. 11   Three-point flexure test: 
distribution of �

1
 at steady state 

after the application of the load
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with a specific span length equal to 11∕6 L = 137.5 mm. A 
third loading pin in the middle of the test sample is used to 
deform the bone tissue gradually descending from above 
with a given time law. Here, we use the same expression as 
the previous test, Eq. (26), replacing the amplitude of the 
shear force with the assigned displacement to the loading 
pin u0 = 2 mm. Due to the symmetry of the problem, we 
consider just half of the rectangular bone piece imposing 
symmetry conditions on the displacement at the middle sec-
tion where the load is applied, namely u1 = 0.

Figures 11, 12, and 13 exhibit the evolutionary change 
in the distribution of �1 , �2 , and � , respectively, together 
with the current final deformation. As expected, analo-
gously to the previous case, a distribution of the stiff-
nesses reflecting the actual distribution of the energy 
density of the considered contributions is achieved.

Figure 14 shows the evolutions of the material sym-
metry directions as the remodeling process progresses at 
three significant time instants. Their behavior is charac-
terized by the alignment of them with the isostatic lines 
of the particular test considered, as can be clearly dem-
onstrated by Fig. 15 where the streamlines generated by 
the unit vectors A1 and A2 , as well as the isostatic lines, 
are displayed. Once again, their difference is very small 
and limited to narrow areas with a switch in the order that 
yields a difference of �∕2 , thus, a matter of representa-
tion, as it is quantified in Fig. 16.

Fig. 12   Three-point flexure test: 
distribution of �

2
 at steady state 

after the application of the load

Fig. 13   Three-point flexure test: 
distribution of � at steady state 
after the application of the load
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4 � Conclusions

Bone remodeling is the process by which bones con-
tinually renew themselves throughout a person’s life. It 
involves the dissolution and absorption of old bone tis-
sue by resorbing the mineralized matrix, breaking down 
the collagen fibers, and forming new bone tissue in a 
coordinated and controlled manner. Bone remodeling is 
essential for several reasons. It allows bones to repair 

themselves after injury or damage, helps to regulate the 
amount of calcium in the body, and plays a crucial role in 
maintaining bone strength and integrity. Besides, it also 
allows the bone to adapt to changes in stress and load over 
time since the new bone tissue is laid down in a highly 
organized manner and remodeled to meet the demands 
of the surrounding tissue. The process is influenced by a 
variety of factors, including hormones, diet, aging, and 
mainly physical activity. This process is really complex 
and we are far from completely understanding all its 
aspects. However, in this paper, we propose a new varia-
tional formulation that, by using the mechanical influence 
of the external load, is capable of explaining the adap-
tive process of rearranging the network of interconnected 
bone struts in the trabecular bone as well as their ability 
to carry on the load to which it is subject. The mechani-
cal model is based on a generalized continuum theory 
and is characterized by an orthotopic material symmetry, 
which is entirely plausible for this material (Allena and 
Cluzel 2018; Cluzel and Allena 2018). The generaliza-
tion involves some second gradient effects that could be 
relevant in specific contexts where the bone mass density 
is rarefied, and the lattice arrangement of the trabeculae 
is made of very thin and long struts with weak connec-
tions. Expressly, we assume a generalized principle of 
virtual work, assuming two key aspects, one related to 
the mechanical behavior of the bone tissue and the other 
concerning the evolutionary process that allows changing 
the orientations of the trabeculae as well as their thick-
ness and length at the macroscopic level of observation 
of the entire sample. To illustrate the effectiveness of our 
proposal, two numerical tests have been performed. The 
results are promising and encouraging since they allow 
us to recover the optimization process typical of bone 
remodeling in the more general situation of orthotopic 
materials. Indeed, we are able to obtain not only a likely 
distribution of stiffnesses in the considered sample but 
also a reorientation of the material symmetry related to 
the actual arrangement of the trabeculae at a micro-level 
as postulated by the trajectorial theory for which we have 
experimental evidence.

Fig. 14   Three-point flexure test: evolution of the material symmetry 
directions for the bending cantilever test: a at the beginning; b at an 
intermediate stage; c at the steady-state condition
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Fig. 15   Comparison between: a streamlines generated by the unit vectors A
1
 and A

2
 ; b isostatic lines for the three-point flexure test

Fig. 16   Three-point flexure test: 
difference between the angles 
between the vectors A

1
 and 

A
2
 and the eigenvectors of the 

stress



2150	 I. Giorgio et al.

1 3

Acknowledgements  This work is dedicated to the memory of 
Professor Tomasz Lekszycki (Warsaw University of Technology). 
Tomek was more than a scholar; he was a mentor, a guide, and 
a source of inspiration for all of us. His dedication to imparting 
knowledge was unparalleled, and his enthusiasm for mechanics 
ignited a passion within each of us. Under his guidance, we delved 
into the complexities of bone mechanics, exploring the intricate 
workings of bone remodeling with his expert suggestions and inval-
uable advice. His commitment to excellence was evident in every 
discussion and every interaction we had with him. He possessed a 
remarkable ability to make even the most complex topics accessible 
and engaging. With his patient and compassionate approach, he 
encouraged us to push the boundaries of our understanding, nurtur-
ing our intellectual growth and fostering a deep appreciation for the 
field of mechanics. On behalf of all those whose lives he touched, 
we extend our heartfelt thanks to Tomasz Lekszycki. His influence 
will continue to resonate within us, shaping our careers and the 
world we live in. May his legacy inspire us to strive for greatness, 
and may his memory forever remain in our hearts. One of us (FdI) 
wants to further acknowledge a deep connection to Tomek with the 
following reminiscence: “I met Tomek in Warsaw at IPPT PAN 
in the winter of 2003: he was in the audience during my series of 
lectures on smart structures. Walking in the snow at minus twenty-
one Celsius, I discovered that he knew about epistemology, physics, 
mathematics, history, and variational principles applied to various 
problems in mechanics. The strength of Polish school of theoreti-
cal mechanics became clear to me when we started a long discus-
sion about problems that I believed were very difficult and Tomek 
decided we could solve them together. He visited my department 
several times, obliged me to visit Warsaw often and participate in 
many biomechanics meetings. I, in turn, obliged him to come to 
Rome for an extended period secluding him in my house until he 
managed to write with me a complex code with which we could 
prove that our ideas about bone reconstruction were predictive of 
some interesting effects. I believe that we could prove that it is pos-
sible to design a bone scaffold which allows for bone reconstruction 
and complete resorption of bio-resorbable material. We became 
friends by calling each other and also asking for advice about the 
problems of life, which we tried to solve using Lagrangian meth-
ods. Tomek was revealed to be a skilled leader of a research group 
when he moved from IPPT PAN to Warsaw University of Technol-
ogy, where he managed to start experimental activities guided by 
numerical simulations and predictive theory. He taught me how 
stubborn and proud and susceptible Polish person can be, but also 
that if a Polish is your friend, you can truly trust him. I regret that 
he left this world before we could fully prove our ideas were right. 
This paper is a small step in this direction. We wanted to formulate 
a variational principle for tissue growth, if, as he firmly believed, he 
is now somewhere looking at us, he will see that his ideas were not 
wasted. We are trying our best, Ciao Tomek!” Rest in peace, Tomek.

Funding  Open access funding provided by Università degli Studi 
dell’Aquila within the CRUI-CARE Agreement.

Declarations 

Conflict of interest  The authors declare that they have no conflict of 
interest.

Open Access   This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 

included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

Abdoul-Anziz H, Seppecher P (2018) Strain gradient and generalized 
continua obtained by homogenizing frame lattices. Math Mech 
Complex Syst 6(3):213–250

Abdoul-Anziz H, Seppecher P, Bellis C (2019) Homogenization 
of frame lattices leading to second gradient models coupling 
classical strain and strain-gradient terms. Math Mech Solids 
24(12):3976–3999

Allena R, Cluzel C (2018) Heterogeneous directions of orthotropy in 
three-dimensional structures: finite element description based on 
diffusion equations. Math Mech Complex Syst 6(4):339–351

Andres J, Bersani AM, Leśniak K (2001) On some almost-periodicity 
problems in various metrics. Acta Applicandae Mathematica 
65:35–57

Barchiesi E, Hamila N (2022) Maximum mechano-damage power 
release-based phase-field modeling of mass diffusion in damag-
ing deformable solids. Z Angew Math Phys 73(1):35

Beaupré G, Orr T, Carter D (1990) An approach for time-dependent 
bone modeling and remodeling–theoretical development. J Orthop 
Res 8(5):651–661

Bednarczyk E, Lekszycki T (2016) A novel mathematical model for 
growth of capillaries and nutrient supply with application to pre-
diction of osteophyte onset. Z Angew Math Phys 67:1–14

Bednarczyk E, Lekszycki T (2022) Evolution of bone tissue based on 
angiogenesis as a crucial factor: new mathematical attempt. Math 
Mech Solids 27(6):976–988

Bendsoe MP, Sigmund O (2003) Topology Optimization: Theory, 
Methods, and Applications. Springer, Berlin, Heidelberg

Branecka N, Yildizdag ME, Ciallella A, Giorgio I (2022) Bone remod-
eling process based on hydrostatic and deviatoric strain mechano-
sensing. Biomimetics 7(2):59. https://​doi.​org/​10.​3390/​biomi​metic​
s7020​059

Carter DR, Hayes WC (1976) Bone compressive strength: the influence 
of density and strain rate. Science 194(4270):1174–1176

Carter D, Fyhrie DP, Whalen R (1987) Trabecular bone density 
and loading history: regulation of connective tissue biology by 
mechanical energy. J Biomech 20(8):785–794

Cluzel C, Allena R (2018) A general method for the determination of 
the local orthotropic directions of heterogeneous materials: appli-
cation to bone structures using � ct images. Math Mech Complex 
syst 6(4):353–367

Cornelis MA, Tepedino M, Riis NDV, Niu X, Cattaneo PM (2021) 
Treatment effect of bone-anchored maxillary protraction in grow-
ing patients compared to controls: a systematic review with meta-
analysis. Eur J Orthod 43(1):51–68

Cowin S, Sadegh A, Luo G (1992) An evolutionary Wolff’s law for 
trabecular architecture. J Biomech Eng 114(1):129–136

Cuomo M, Boutin C, Contrafatto L, Gazzo S (2022) Effective ani-
sotropic properties of fibre network sheets. Eur J Mech A Sol 
93:104492

Currey JD (1988) The effect of porosity and mineral content on the 
Young’s modulus of elasticity of compact bone. J Biomech 
21(2):131–139

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/biomimetics7020059
https://doi.org/10.3390/biomimetics7020059


2151An orthotropic continuum model with substructure evolution for describing bone remodeling:…

1 3

Cyron C, Aydin R (2017) Mechanobiological free energy: a vari-
ational approach to tensional homeostasis in tissue equivalents. 
ZAMM-Zeitschrift für Angewandte Mathematik und Mechanik 
97(9):1011–1019

De Angelis F (2007) A variationally consistent formulation of nonlocal 
plasticity. Int J Multiscale Comput Eng 5(2):105–116

De Cicco S (2022) Non-simple elastic materials with double porosity 
structure. Archives of Mechanics 74(2–3):127–142

De Cicco S, De Angelis F (2020) A plane strain problem in the theory 
of elastic materials with voids. Math Mech Solids 25(1):46–59

dell’Isola F, Eugster SR, Fedele R, Seppecher P (2022) Second-gradi-
ent continua: From lagrangian to eulerian and back. Math Mech 
Solids 27(12):2715–2750

dell’Isola F, Eugster SR, Fedele R, Seppecher P (2022) Second-gradi-
ent continua: From Lagrangian to Eulerian and back. Math Mech 
Solids 27(12):2715–2750

DiCarlo A, Quiligotti S (2002) Growth and balance. Mech Res Com-
mun 29(6):449–456

Doblaré M, Garcıa J (2002) Anisotropic bone remodelling model based 
on a continuum damage-repair theory. J Biomech 35(1):1–17

Eremeyev VA, Pietraszkiewicz W (2012) Material symmetry group 
of the non-linear polar-elastic continuum. Int J Solids Struct 
49(14):1993–2005

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

Eremeyev V, Skrzat A, Stachowicz F (2017) Linear micropolar elastic-
ity analysis of stresses in bones under static loads. Strength Mater 
49:575–585

Eremeyev VA, Lurie SA, Solyaev YO, dell’Isola F (2020) On the well 
posedness of static boundary value problem within the linear dila-
tational strain gradient elasticity. Z Angew Math Phys 71:1–16

Eschenauer HA, Olhoff N (2001) Topology optimization of continuum 
structures: a review. Appl Mech Rev 54(4):331–390

Fedele R (2022) Approach à la Piola for the equilibrium problem of 
bodies with second gradient energies. part II: variational deriva-
tion of second gradient equations and their transport. Continuum 
Mech Thermodyn 34(5):1087–1111

Franciosi P, Spagnuolo M, Salman OU (2019) Mean Green operators 
of deformable fiber networks embedded in a compliant matrix 
and property estimates. Continuum Mech Thermodyn 31:101–132

Frost HM (1987) Bone “mass" and the “mechanostat": a proposal. 
Anat Rec 219(1):1–9

Ganghoffer J, Rahouadj R, Boisse J, Schiavi J (2019) A phase field 
approach for bone remodeling based on a second-gradient model. 
Mech Res Commun 96:37–44

Gazzo S, Cuomo M, Boutin C, Contrafatto L (2020) Directional prop-
erties of fibre network materials evaluated by means of discrete 
homogenization. Eur J Mech A Sol 82:104009

George D, Allena R, Remond Y (2018) A multiphysics stimulus for 
continuum mechanics bone remodeling. Math Mech Complex 
Syst 6(4):307–319

George D, Allena R, Remond Y (2019) Integrating molecular and 
cellular kinetics into a coupled continuum mechanobiological 
stimulus for bone reconstruction. Continuum Mech Thermodyn 
31:725–740

Giorgio I, Andreaus U, Scerrato D, dell’Isola F (2016) A visco-poroe-
lastic model of functional adaptation in bones reconstructed 
with bio-resorbable materials. Biomech Model Mechanobiol 
15:1325–1343

Giorgio I, Della Corte A, dell’Isola F, Steigmann DJ (2016) Buckling 
modes in pantographic lattices. CR Mec 344(7):487–501

Giorgio I, Andreaus U, dell’Isola F, Lekszycki T (2017) Viscous sec-
ond gradient porous materials for bones reconstructed with bio-
resorbable grafts. Extreme Mech Lett 13:141–147

Giorgio I, dell’Isola F, Andreaus U, Alzahrani F, Hayat T, Lekszycki 
T (2019) On mechanically driven biological stimulus for bone 
remodeling as a diffusive phenomenon. Biomech Model Mecha-
nobiol 18(6):1639–1663

Giorgio I, Spagnuolo M, Andreaus U, Scerrato D, Bersani AM (2021) 
In-depth gaze at the astonishing mechanical behavior of bone: 
a review for designing bio-inspired hierarchical metamaterials. 
Math Mech Solids 26(7):1074–1103

Greco L, Cuomo M (2021) An implicit G1-conforming bi-cubic inter-
polation for the analysis of smooth and folded Kirchhoff-Love 
shell assemblies. Comput Methods Appl Mech Eng 373:113476

Greco L, Scrofani A, Cuomo M (2021) A non-linear symmetric 
G1-conforming Bézier finite element formulation for the analysis 
of Kirchhoff beam assemblies. Comput Methods Appl Mech Eng 
387:114176

Grillo A, Di Stefano S (2023) A formulation of volumetric growth as a 
mechanical problem subjected to non-holonomic and rheonomic 
constraint. Math Mech Sol. https://​doi.​org/​10.​1177/​10812​86523​
11522​28

Grillo A, Di Stefano S (2023) Addendum to “A formulation of volumet-
ric growth as a mechanical problem subjected to non-holonomic 
and rheononic constraint”. Math Mech Sol. https://​doi.​org/​10.​
1177/​10812​86523​11782​91

Grillo A, Wittum G, Tomic A, Federico S (2015) Remodelling in sta-
tistically oriented fibre-reinforced materials and biological tissues. 
Math Mech Solids 20(9):1107–1129

Grillo A, Carfagna M, Federico S (2018) An Allen-Cahn approach to 
the remodelling of fibre-reinforced anisotropic materials. J Eng 
Math 109:139–172

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

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

Jankowski K, Pawlikowski M, Domański J (2022) Multi-scale constitu-
tive model of human trabecular bone. Continu Mech Thermodyn 
35(4):1–14

Kivell TL (2016) A review of trabecular bone functional adaptation: 
what have we learned from trabecular analyses in extant homi-
noids and what can we apply to fossils? J Anat 228(4):569–594

Kumar C, Jasiuk I, Dantzig J (2011) Dissipation energy as a stimulus 
for cortical bone adaptation. J Mech Mater Struct 6(1):303–319

Lamm C, Dockner M, Pospischek B et al (2015) Micro-CT analyses 
of historical bone samples presenting with osteomyelitis. Skeletal 
Radiol 44:1507–1514

Lanyon LE (1974) Experimental support for the trajectorial theory of 
bone structure. J Bone Joint Surg 56(1):160–166

La Valle G (2022) A new deformation measure for the nonlinear 
micropolar continuum. Z Angew Math Phys 73(2):78

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 J Appl 
Math Mech 92(6):426–444

Madeo A, George D, Lekszycki T, Nierenberger M, Rémond 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

Masters EA, Trombetta RP, MesyBentley KL et al (2019) Evolv-
ing concepts in bone infection: redefining “biofilm’’, “acute vs. 
chronic osteomyelitis’’, “the immune proteome’’ and “local anti-
biotic therapy’’. Bone Res 7(1):20

Mullender M, Huiskes R (1995) Proposal for the regulatory mechanism 
of Wolff’s law. J Orthop Res 13(4):503–512

https://doi.org/10.1177/10812865231152228
https://doi.org/10.1177/10812865231152228
https://doi.org/10.1177/10812865231178291
https://doi.org/10.1177/10812865231178291


2152	 I. Giorgio et al.

1 3

Nowak M (2010) On some properties of bone functional adaptation 
phenomenon useful in mechanical design. Acta Bioeng Biomech 
12(2):49–54

Nowak M (2020) New aspects of the trabecular bone remodeling regu-
latory model–Two postulates based on shape optimization studies. 
In: Abali B, Giorgio I (eds) Developments and Novel Approaches 
in Biomechanics and Metamaterials. Advanced Structured Materi-
als, vol 132. Springer, Cham, pp 97–105

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

Placidi L, Misra A, Barchiesi E (2018) Two-dimensional strain gradient 
damage modeling: a variational approach. Z Angew Math Phys 
69:1–19

Placidi L, Barchiesi E, Misra A (2018) A strain gradient variational 
approach to damage: a comparison with damage gradient models 
and numerical results. Math Mech Complex Syst 6(2):77–100

Placidi L, Misra A, Barchiesi E (2019) Simulation results for damage 
with evolving microstructure and growing strain gradient moduli. 
Continuum Mech Thermodyn 31:1143–1163

Prendergast P, Taylor D (1994) Prediction of bone adaptation using 
damage accumulation. J Biomech 27(8):1067–1076

Sarar BC, Yildizdag ME, Abali BE (2023) Comparison of homog-
enization techniques in strain gradient elasticity for determining 
material parameters. Advanced structured materials. Sixty Shades 
of Generalized Continua. Springer, Cham, pp 631–644

Sarikanat M, Yildiz H (2011) Determination of bone density distribu-
tion in proximal femur by using the 3D orthotropic bone adapta-
tion model. Proc Inst Mech Eng 225(4):365–375

Scerrato D, Giorgio I, Bersani AM, Andreucci D (2022) A proposal for 
a novel formulation based on the hyperbolic Cattaneo’s equation 
to describe the mechano-transduction process occurring in bone 
remodeling. Symmetry 14(11):2436

Sessa S (2023) An inverse strategy for identifying the mechanical 
parameters of an asymmetric hysteretic constitutive model. Mech 
Syst Signal Process 190:110144

Shirani M, Steigmann DJ (2020) A Cosserat model of elastic solids 
reinforced by a family of curved and twisted fibers. Symmetry 
12(7):1133

Solyaev Y, Lurie S, Barchiesi E, Placidi L (2020) On the dependence 
of standard and gradient elastic material constants on a field of 
defects. Math Mech Solids 25(1):35–45

Spagnuolo M (2022) Symmetrization of mechanical response in fibrous 
metamaterials through micro-shear deformability. Symmetry 
14(12):2660

Spencer A (1982) The formulation of constitutive equation for ani-
sotropic solids. In: Mechanical Behavior of Anisotropic Solids/
Comportment Méchanique des Solides Anisotropes: Proceedings 
of the Euromech Colloquium 115 Villard-de-Lans, June 19–22, 
1979/Colloque Euromech 115 Villard-de-Lans, 19–22 Juin 1979. 
Springer, pp 3–26

Spencer AJM (1984) Constitutive theory for strongly anisotropic solids. 
Continuum Theory of the Mechanics of Fibre-reinforced Compos-
ites. Springer, Vienna, pp 1–32

Spencer AJM, Soldatos KP (2007) Finite deformations of fibre-rein-
forced elastic solids with fibre bending stiffness. Int J Non-Linear 
Mech 42(2):355–368

Steigmann DJ (2012) Theory of elastic solids reinforced with fibers 
resistant to extension, flexure and twist. Int J Non-Linear Mech 
47(7):734–742

Steigmann DJ, dell’Isola F (2015) Mechanical response of fabric sheets 
to three-dimensional bending, twisting, and stretching. Acta Mech 
Sin 31(3):373–382

Timofeev D, Barchiesi E, Misra A, Placidi L (2021) Hemivariational 
continuum approach for granular solids with damage-induced ani-
sotropy evolution. Math Mech Solids 26(5):738–770

Tomic A, Grillo A, Federico S (2014) Poroelastic materials reinforced 
by statistically oriented fibres–numerical implementation and 
application to articular cartilage. The IMA Journal of Applied 
Mathematics 79(5):1027–1059

Torabi J, Niiranen J (2023) Nonlinear finite element free and forced 
vibrations of cellular plates having lattice-type metamaterial 
cores: a strain gradient plate model approach. Mech Syst Signal 
Process 192:110224

Turco E (2018) Discrete is it enough? The revival of Piola-Hencky 
keynotes to analyze three-dimensional Elastica. Continuum Mech 
Thermodyn 30(5):1039–1057

Turco E (2022) Modeling of three-dimensional beam nonlinear 
vibrations generalizing Hencky’s ideas. Math Mech Solids 
27(10):1950–1973

Turco E, dell’Isola F, Cazzani A, Rizzi NL (2016) Hencky-type dis-
crete model for pantographic structures: numerical comparison 
with second gradient continuum models. Z Angew Math Phys 
67:1–28

Turner CH (1991) Homeostatic control of bone structure: an applica-
tion of feedback theory. Bone 12(3):203–217

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

Vazic B, Abali BE, Yang H, Newell P (2021) Mechanical analysis 
of heterogeneous materials with higher-order parameters. Eng 
Comput 38:1–17

Vazic B, Abali BE, Newell P (2023) Generalized thermo-mechani-
cal framework for heterogeneous materials through asymptotic 
homogenization. Continuum Mech Thermodyn 35(1):159–181

Wolff J (1892) Das Gesetz der Transformation der Knochen (The Law 
of Bone Remodeling). Verlag von August Hirschwald, Berlin

Zhao F, Kirby M, Roy A, Hu Y, Guo XE, Wang X (2018) Commonality 
in the microarchitecture of trabecular bone: a preliminary study. 
Bone 111:59–70


	An orthotropic continuum model with substructure evolution for describing bone remodeling: an interpretation of the primary mechanism behind Wolff’s law
	Abstract
	1 Introduction
	2 Modeling of the evolution process related to bone functional adaptation
	2.1 Kinematics
	2.2 Principle of virtual work
	2.3 Evolution equations for stimuli

	3 Numerical results and discussion
	3.1 A rectangular cantilever plate bending under a uniform load per unit length
	3.2 A three-point flexure test

	4 Conclusions
	Acknowledgements 
	References




