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Abstract

Bone tissue exhibits piezoelectric properties and thus is capable of transforming mechanical stress into electrical potential.
Piezoelectricity has been shown to play a vital role in bone adaptation and remodelling processes. Therefore, to better under-
stand the interplay between mechanical and electrical stimulation during these processes, strain-adaptive bone remodelling
models without and with considering the piezoelectric effect were simulated using the Python-based open-source software
framework. To discretise numerical attributes, the finite element method (FEM) was used for the spatial variables and an
explicit Euler scheme for the temporal derivatives. The predicted bone apparent density distributions were qualitatively and
quantitatively evaluated against the radiographic scan of a human proximal femur and the bone apparent density calculated
using a bone mineral density (BMD) calibration phantom, respectively. Additionally, the effect of the initial bone density
on the resulting predicted density distribution was investigated globally and locally. The simulation results showed that the
electrically stimulated bone surface enhanced bone deposition and these are in good agreement with previous findings from
the literature. Moreover, mechanical stimuli due to daily physical activities could be supported by therapeutic electrical
stimulation to reduce bone loss in case of physical impairment or osteoporosis. The bone remodelling algorithm implemented
using an open-source software framework facilitates easy accessibility and reproducibility of finite element analysis made.

Keywords Bone remodelling - Piezoelectricity - Electrical stimulation - Open-source - Finite element modelling -
Hounsfield units (HU)

1 Introduction

52 Yogesh Deepak Bansod Bone is the main constituent of the human musculoskeletal
yogesh.bansod @uni-rostock.de system that provides structural integrity to the body, protects
Maeruan Kebbach the internal organs, acts as a store for minerals and lipids,
maeruan.kebbach @med.uni-rostock.de provides muscle attachment sites and facilitates body move-
Daniel Kluess ments (Cowin 2001). It is a living tissue that adapts its mor-
daniel .kluess @ med.uni-rostock.de phology to the mechanical loading environment to which it
Rainer Bader is exposed and this adaptation process is called bone remod-
rainer.bader @uni-rostock.de elling, a process of bone formation and resorption (Wolff
Ursula van Rienen 1893; Robling and Turner 2009). Since this process has a
ursula.van-rienen @uni-rostock.de significant effect on the overall health of the entire body,

bone remodelling studies are of great interest. Moreover,
the piezoelectric properties exhibited by bone tissue are of
paramount importance as they could aid in explaining the
effects of mechano-regulation and electrical stimulation on
bone healing (Cerrolaza et al. 2017).

Several mathematical models of bone remodelling have
been reported in the literature and most of them are based
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models have been numerically implemented in finite ele-
ment analysis to evaluate their predictive capacity to simu-
late bone adaptation to mechanical loading (Huiskes et al.
1987; Beaupré et al. 1990a, b; Weinans et al. 1992; Mul-
lender et al. 1994; Adachi et al. 2001; Ruimerman et al.
2005; Fernandez et al. 2010, 2012a; Garzon-Alvarado et al.
2012; Idhammad et al. 2013; Garijo et al. 2014; Mohaghegh
et al. 2014; Mauck et al. 2016) and are reviewed elsewhere
(Gerhard et al. 2009; Webster and Muller 2011; Amirouche
and Bobko 2015). The theories of bone adaptation that have
been developed in the past decades to predict changes in
bone shape and density are based on strain (Turner et al.
1997; Wang et al. 2016), stresses (Gong et al. 2013), strain
energy density (SED) (Huiskes et al. 1987; Weinans et al.
1992; Mullender et al. 1994; Fernandez et al. 2010, 2012a;
Garzon-Alvarado et al. 2012; Saeidi et al. 2020; Suarez et al.
2012), deformations (Papathanasopoulou et al. 2002), cell
proliferation (Pivonka et al. 2008) and mechanical damage
(Prendergast and Taylor 1994; Garcia-Aznar et al. 2005;
Martinez et al. 2006; Hambli et al. 2011). Although there are
many important aspects of bone remodelling, they are lim-
ited only to the study of bone response to a specific stimulus.

Previous studies have shown that human bone has fre-
quency-dependent electric and dielectric properties (Bassett
and Becker 1962; Bassett et al. 1964; Su et al. 2016) and
these are significant not only as a hypothesised feedback
mechanism for bone remodelling, but also in the context of
therapeutic electrical stimulation for bone healing and repair
(Bassett and Becker 1962; Bassett et al. 1977; RamtThere-
fore, the objective of our numerical study

ani 2008). In this context, Qu et al. (2006) have demon-
strated that the electromagnetic field has an influence on the
bone remodelling and healing process under the effect of
mechanical and electrical stimuli. Beside these stimuli, the
effect of thermal load on bone remodelling has been taken
into consideration by Qin et al. (2005).

Piezoelectricity is the ability of a material, e.g. quartz
crystals, to generate a voltage when subjected to mechanical
stress and conversely, generate a mechanical response when
subjected to an electric field or voltage (Abramovich 2016).
Fukada and Yasuda (1957) first demonstrated that bone has
piezoelectric properties, which has been confirmed in many
other studies (Anderson and Eriksson 1970; Gjelsvik 1973;
Guzelsu et al. 1978; Pienkowski and Pollack 1983; Isaacson
and Bloebaum 2010).

Bone piezoelectricity supports the idea that the bone
adaptation process can be explained by matrix piezoelectric-
ity, a potential mechanism by which osteocytes, the mecha-
nosensory cells, may detect areas of high stress (Moham-
madkhah et al. 2019). This states that applied mechanical
stress generates electrical charges in collagen fibres and
then serves as a stimulus to osteoblasts (bone-forming cells)
(Bassett and Becker 1962; Bassett et al. 1964). Based on
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the experimental findings, the streaming potential generated
by fluid flow through the bone matrix was proposed as an
alternative mechanism to matrix piezoelectricity and respon-
sible for strain-generated potentials (Pienkowski and Pollack
1983). Different piezoelectric responses have been measured
for dry bone attributed to matrix piezoelectricity (Yasuda
1954, Fukada and Yasuda 1957; Johnson et al. 1980) and
for wet bone attributed to streaming potential (Pienkowski
and Pollack 1983; Otter et al. 1988; Iannacone et al. 1979).
However, the exact mechanisms for the piezoelectricity of
bone tissue have not been understood completely so far
(Wieland et al. 2015). Several mathematical and computa-
tional models of bone remodelling have been proposed but
only a few of them have considered the piezoelectric proper-
ties of bone (Cerrolaza et al. 2017; Fernandez et al. 2012a;
Garzoén-Alvarado et al. 2012; Qu et al. 2006; Beheshtiha
et al. 2015; Duarte et al. 2018) and are recently reviewed in
(Mohammadkhah et al. 2019).

The generation of piezoelectricity in bone is a complex
process and in recent numerical studies, it has been shown
to play a vital role in bone remodelling and adaptation (Cer-
rolaza et al. 2017; Fernandez et al. 2012a). In our present
study, the strain-adaptive bone remodelling model (Weinans
et al. 1992) that couples the displacement and bone den-
sity is implemented in the finite element method (FEM)
using the numerical algorithm proposed by Fernandez et al.
(2010). This model is based on the principle that remodel-
ling is induced by the local mechanical signal, which triggers
the regulating bone cells. These cells detect a mechanical
stimulus and cause local bone adaptations based on its mag-
nitude. It uses the bone density to characterise bone internal
morphology. In addition to the above model, a piezoelec-
tric strain-adaptive bone remodelling model proposed by
Fernandez et al. (2012a) is implemented into FEM, where
electro-mechanical dependence for mechanical properties
has been introduced in the strain-adaptive bone remodel-
ling model. The validation of the simulation results was per-
formed by qualitative and quantitative comparison between
the predicted bone density and the values obtained from the
computed tomography (CT) scan.

Therefore, the objective of our numerical study was to
simulate the strain-adaptive bone remodelling of a human
femur without and with considering the piezoelectric effect
using an open-source software framework. The findings of
this study can be used to understand the response of bone
to electromechanical loadings and, in turn, design a pro-
tocol for therapeutic electrical stimulations to reduce bone
loss in case of physical impairment or osteoporosis. The
paper is outlined as follows: In Sect. 2, the finite element
analysis of strain-adaptive bone remodelling models using
the open-source software framework is presented, followed
by the detailed description of applied boundary conditions.
The simulation results are discussed and validated against
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the corresponding CT data and literature studies in Sect. 3.
Also in this section, a parametric study for the effect of uni-
form initial bone density on the final density distribution is
conducted. Finally, Sect. 4 provides a brief conclusion of
the study.

2 Material and methods
2.1 Strain-adaptive bone remodelling

Let 2 be an open-bounded domain (see Fig. la) and its
boundary is denoted by I'=02. This boundary was assumed
to be Lipschitz continuous and it has been divided into two
separate parts as Dirichlet boundary I';, and Neumann
boundary I'y. Here, f5 is the density of volume forces act-
ing in the domain £ and f is the density of traction forces
that were applied on I'y. It has been assumed that the bone is
clamped on I}, i.e. here displacement vector u = 0. Let [0,T']
be the time interval of interest, where 7 > 0 and v(x) be the
outward unit normal vector to I" at point x (Fernandez et al.
2010). Bold symbols represent vectors, tensors, or matrices.
The linearised strain tensor £(u) is given by

) = W PN o
g;(u) = > dxj o, , L) =1,...,d, (1)

where u is the displacement field and d is the order of sym-
metric matrices (3 X 3). Here, the bone was considered to
be linear-elastic and isotropic (Weinans et al. 1992) and the
constitutive law for the stress field (N/mm?) can be given
as follows:

6 =o(u) =2u(p)e(u) + A(p) Div () I in Qx[0, T,
2

AYAVAYA

Fig. 1 Strain-adaptive bone remodelling a without and b with the
piezoelectric effect

where u(p) and A(p) are Lamé coefficients of the material
that were assumed to be dependent on the bone apparent
density denoted by p, Div represents the divergence operator
and I denotes the identity operator (Fernandez et al. 2010).
For the plane strain hypothesis or the three-dimensional
case, Lamé coefficients can be expressed in terms of elastic
modulus E(p) and Poisson’s ratio k(p) as follows:

_ E@) _ k(p)E(p)
up)= ——— and Ap) = =120

2(1 + k(p))
The Poisson’s ratio was assumed to be independent of p (and
thus, k(p) =k) and, the following equation was used for elas-
tic modulus depending on the apparent density:

E(p)=Mp’, “

3

where M and y are positive constitutive constants that char-
acterise bone behaviour (Weinans et al. 1992). The evolu-
tion of the apparent density function was obtained from the
following first-order ordinary differential equation (Beaupré
et al. 1990a; Weinans et al. 1992; Fernandez et al. 2010,
2012a, b; Idhammad et al. 2013; Huiskes et al. 1989),

dp _ < U, ew) _

o P S,) inQ2x(0, T 5)

where B and S, are the experimental constants and their val-
ues are mentioned in Table 1. Further, the SED as mechani-
cal stimulus U(o(u), e(1)) can be given as:

V(o). @) = 30) : £@), ©)

where °:” denotes the inner product and it has been assumed
that the apparent density function is bounded as:

Pa <P = Py @)

where p, and p, represent the minimal and maximal density
corresponding to the resorbed and the cortical bone, respec-
tively. Neumann boundary conditions were applied to the
femoral head and the greater trochanter acting in opposite
directions as action and reaction forces, respectively, result-
ing from muscle activities. Applying Green’s formula, the
weak form of the strain-adaptive bone remodelling problem
can be given as:

/ 2u(p)e(m) = €(v) + A(p)Tr(e@))Tr(e(v))dx

Q
=/f3(t)-vdx+/fN(t)-vdF,
Q Iy (8)

where Tr denotes the classical trace operator, v is the test
function and dx denotes the differential element for integra-
tion over the domain Q. The bone remodelling process was
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Table 1 Values for parameters used in the finite element simulations

Parameter Name Quantity References

Pu Minimal bone density 0.010 g/cm® (Weinans et al. 1992)

Pb Maximal bone density 1.740 g/em® (Weinans et al. 1992)

S, Reference stimulus 0.004 J/g (Weinans et al. 1992)

B Experimental constant 1 (gcm’3)2 (MPa day)’1 (Weinans et al. 1992)
M Constitutive constant 3790 MPa/(cm3/g)2 (Weinans et al. 1992)

y Constitutive constant 3 (Weinans et al. 1992)
fB Body force 0 N/m? (Fernandez et al. 2012a)

Piezoelectric coefficients

1.50765 x 10~° C/mm?
1.87209 % 10~° C/mm?
3.57643 x 10~° C/mm?

(Fernandez et al. 2012a; Fotiadis et al. 1999)
(Fernandez et al. 2012a; Fotiadis et al. 1999)

e Piezoelectric coefficient
ey Piezoelectric coefficient
e Piezoelectric coefficient

Electric permittivity coefficients
b1 Permittivity coefficient

b33 Permittivity coefficient

88.54% 1012 F/mm
106.248 x 1012 F/mm

(Fernandez et al. 2012a; Fotiadis et al. 1999)

(Fernandez et al. 2012a; Fotiadis et al. 1999)
(Fernandez et al. 2012a; Fotiadis et al. 1999)

assumed to be quasi-static and thus, the effects of inertia
were neglected. More details about this model can be found
in (Fernandez 2010; Fernandez et al. 2010). For numerical
analysis of strain-adaptive bone remodelling in the open-
source finite element software FEniCS (www.fenicsproject.
org, version 2019.1.0, GNU-GPL) (Logg et al. 2012; Alnas
et al. 2015), a vector function space with Lagrange elements
of order 2 was used for the displacement field.

2.2 Piezoelectric strain-adaptive bone remodelling

Several algorithms have been proposed to calculate the change
in bone density under mechanical loadings; however, only a
few of them have taken the piezoelectric effect of bone into
account. Based on the proposed piezoelectric strain-adaptive
bone remodelling algorithm by Fernandez et al. (2012a), in
addition to the parameters mentioned in Sect. 2.1, let g5 be the
density of volume electric charges present in domain £2, g, be
the density of surface electric charges applied on I'y, externally,
@ be the electric potential and an electric potential ¢, =0
was applied to the clamped boundary (see Fig. 1b) (Fernindez
et al. 2012a). Here, to impose the boundary conditions for the
displacements and the electric potential, the same decomposi-
tion of the boundary has been used. For the piezoelectric bone
remodelling, the constitutive law for the stress field (N/mm?)
can be given as:

o =2u(p)e(u) + A(p)Divi)l — a(p)&* E(p) in Q x[0,T],

)
where a(p) is a constitutive function, which was assumed
to be dependent on the apparent density function similar to

the elastic modulus and can be written as (Fernandez et al.
2012a),

@ Springer

ap) =p". (10)

Further, & denotes the transpose of the third-order piezo-
electric tensor &*described below and &*represents the sta-
tionary electric field, which, as a conservative field, can be
calculated from the gradient of the electrostatic potential ¢
(van Rienen 2001):

E=-Vgp an

The constitutive law for the electric displacement field (C/
mm?) can be given as:

D = a(p)ée(u) + a(p) BE(e), 12)

where f is the electric permittivity tensor (Batra and Yang
1995). The constitutive equations for stress (Eq. (9)) and
electric displacement field (Eq. (12)) define the piezoelectric
effect of bone. When subjected to a mechanical load, it gen-
erates an electric charge (direct piezoelectric effect) and con-
versely, when an electrical charge is applied, strains/stresses
can appear in bone (inverse piezoelectric effect) (Fernandez
et al. 2012a) (see Fig. 2).Similar to other authors (Fernandez
et al. 2012a, c; Qin and Ye 2004), the bone was assumed
to behave like a crystal with hexagonal symmetry meaning
that the third-order piezoelectric stress tensor & is defined
by four values and the electric permittivity tensor (dielectric
tensor)f is a diagonal matrix with two constants. These ten-
sors can be written in the following matrix form:

0 0 0 ey e5 0 p;y 0 0O
=0 0 0 e5—€,40]andp=| 0 p; 0 |
e3 €333 0 0 0 0 0 ps
(13)
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Fig.2 Schematic representa-
tion of a direct and b inverse
piezoelectric effect

Strain (Input)

i

a Direct piezoelectric effect

b Inverse piezoelectric effect

Voltage (output) Voltage (Input)
oltage (Inpu

Strain (output)

S

where the third direction represents the longitudinal direc-
tion of the femur (Fernandez et al. 2012c¢). In piezoelectric
strain-adaptive bone remodelling, the displacement field u
and the electric potential ¢ were obtained by solving the
following coupled linear variational equations:

/ 2u(p)e(u) @ e(v) + A(p)Tr(e(u))Tr(e(v))dx

Q
= / fz(0) - vdx+ / fy(@ - vdl — / (p()T EV (1), e(v))dx,
Q Iy Q
(14)
/ (p(t)" BV @(1),Vy)dx
Q
= / qp(Dwdx+ / gy@Owdl + / (p(t) Se(u(?)), Vy)dx,
Q

Q Iy
(15)

where y is the test function, dx denotes the differential ele-
ment for integration over the domain 2 and gz = divD.
For simplicity, the formulation in this work was restricted
to isothermal and quasi-static conditions and more details
about this model can be found in (Fernandez 2010; Fernan-
dez et al. 2012a). For numerical analysis of piezoelectric
bone remodelling in the open-source finite element soft-
ware FEniCS, a mixed-function space consisting of vector
and scalar functions for the mechanical displacement and
electric potential, respectively, was used with Lagrange ele-
ments of order 2. A block diagram of the numerical scheme
implemented in this study is shown in Fig. 3. Throughout
this paper, the time derivatives were discretised using the
forward (or explicit) Euler method as follows:

dp Pn = Pn-1
Ly Tl 16
ot At (16)
where A t is the time-step size, p, and p,,_, represent the bone
density for the new and the current time step, respectively.

Fig.3 Simulation flow diagram

Mechanical boundary conditions

| Electrical boundary conditions

- Ve - -

L
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Strain-adaptive bone remodelling

Piezoelectric strain-adaptive bone remodelling

I

1

I R

1 Mechanical stress
1

1

1

o =2u(p)e(w) + A(p) Div (u)s

Mechanical stress

Mechanical
displacement

(u)

Electric displacement
D = a(p)ée(u) + a(p)BE(p)

o= 2006 + 2p) DV - a(EEW)| |

b —————— _——————

Mechanical Electric
displacement potential
(w) ()
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The values of parameters used in numerical simulations are
tabulated in Table 1.

2.3 Open-source software framework to set
up a finite element model

Reproducibility of the results is an important general prin-
ciple of scientific work. In the present study, with the aim
to better understand the bone remodelling under electrical
stimulation as a basis to design therapeutic strategies and
electrically active implants, we used open-source software
to ensure reproducibility. In our implementation of the
open-source framework described in Fig. 4, we followed
the principles of Open Science, i.e. to create transparency
in numerical implementation, to make scientific data pub-
licly available and to allow this data to be reused. In addi-
tion to enabling improved reproducibility, open-source
software has several other advantages over commercial
software. Open-source software provides high flexibility
to customise the source code to meet specific study needs.
Next, it is cost-effective, i.e. freely available with no main-
tenance fees. Further, open-source involves constant col-
laboration inputs from multiple developers and/or commu-
nity members. Moreover, it is fairly easy to deploy across
platforms. Nevertheless, there are also certain challenges
in using open-source. Firstly, it lacks broad technical

Fig.4 Schematic representation
of the open- source software
framework used for finite ele-
ment simulations of piezo-
electric strain-adaptive bone

support and in depth documentation. Secondly, there can
be unanticipated costs in terms of time and efforts asso-
ciated with the modification of open-source software for
user environment set-up. Finally, speed and scalability
can also be a cause of concern when using open-source
(Mogos 2020; DeVoe 2013).

Figure 4 represents a workflow of the main steps of
piezoelectric strain-adaptive bone remodelling simula-
tions using the open-source software framework adapted
from Abali (2016). To carry out these simulations, the
open-source software packages used were Salome (www.
salome-platform.org, version 8.5.0, GNU-LGPL) (Ribes
et al. 2007), Gmsh (http://gmsh.info/, version 4.4.1, GNU-
GPL) (Geuzaine and Remacle 2009) and dolfin-convert
(GNU-LGPL) as pre-processors, the Python-based open-
source software FEniCS (Logg et al. 2012; Alnes et al.
2015) as solver and post-processor and Paraview (https://
www.paraview.org/, version 5.0.1, 3-Clause BSD License)
(Ahrens et al. 2005) as a visualisation tool.

The steps executed to set up the finite element model
were as follows: The medical image processing software
AMIRA® (FEI Visualization Sciences Group, Hillsboro,
OR, USA, version 5.4.1) was used for segmentation of
femur and the resulting set of points describes the con-
tour of the bone. Further, using these points, the femur
geometry and sub-domains were created and meshed in

SOLVER AND POST-PROCESSOR

[Apply loads and boundary conditions|

I

remodelling. Salome, Gmsh,

| Initialize total time T and step-size At |

Dolfin-convert, FEniCS and
Paraview each are open-source

software. In order to reuse our ooV _PRE-PRC

previous work, the commercial "

Initialize material properties,
piezoelectric & and permittivity B tensors
T

!
Compute E, ¢/, A, a

i

software AMIRA® was still : |
used here, but it can be easily T mm——————

replaced by existing open- == mmmmm e eV

displacement field u and electric potential ¢

source software N |

Convert .med file to .msh file

i Gmshv.d.41,!

i
i

i

:

! . rywn .

! Define variational formulation and solve for
i

|

|

i

|

|

| Calculate the stress g, strain g, and
electric displacement D

| [Calculate the strain energy density (SED) |

[Calculate the bone density evolution dp/dt]
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open-source Salome platform. The numerical analysis of
bone remodelling problem was performed using FEniCS,
which contains programming and mathematical tools for
solving partial differential equations (PDEs) with FEM.
Although the geometry and meshing capabilities of this
software are very limited, it can import this information
from other open-source meshing software. The open-
source meshing software Gmsh was thus used to convert
the Salome mesh file with.med extension to.msh file. Sub-
sequently, the Python script dolfin-convert was used to
convert this.msh file into the XML file, which is the pre-
ferred file format for FEniCS. After applying the appro-
priate loading and boundary conditions, the variational
problem was solved and the necessary post-processing was
performed in FEniCS (Bansod and van Rienen 2019). The
box highlighted in orange (see Fig. 4) demonstrates the
schematic representation of steps involved in piezoelectric
strain-adaptive bone remodelling algorithm implemented
in this study. Finally, the simulation results were visual-
ised using Paraview software. In order to reuse our previ-
ous work, the commercial software AMIRA® was used
here for bone segmentation but the use of this software
is not mandatory. To comply with open-source philoso-
phy, several open-source image segmentation tools such
as ITK-SNAP (Sheppard et al. 2019), Seg3D (Venildinen
et al. 2016), ImageJ (Kim et al. 2016), or MITK (Nickel
et al. 2018) are available to perform this task. The Python
scripts and other files created for this study are available
for open access on the GitHub repository (https://github.
com/YDBansod/Bone_Remodelling).

2.4 Mechanical boundary conditions

A classical benchmark problem of the human proximal
femur was used to simulate the strain-adaptive bone remod-
elling without and with the piezoelectric effect using an
open-source framework. Figure 5a illustrates the finite
element model of the proximal femur after meshing with
10-node isoparametric tetrahedral elements. More precisely,
it consists of 5,233 elements and 1,875 nodes. Regarding the
geometrical dimensions of bone, the distance between points
P and Q is 66.59 mm and between points R and S (represent-
ing the diameter of the diaphysis) is 34.10 mm. In order to
overcome the lack of connection between the two cortical
layers of the diaphysis, similar to other authors (Beaupré
et al. 1990a, b; Weinans et al. 1992; Fernandez et al. 2010;
Garijo et al. 2014; Nackenhorst 1997; Carter et al. 1989),
an additional side-plate was considered joining these layers
only at lateral nodes (along the edge P-R) and medial nodes
(along the edge Q-S) marked with black dots (see Fig. 5a).
The side-plate is represented by the four points P, R, S and
Q. Furthermore, it consists of 2,009 elements and 743 nodes.
The mechanical properties of the plate were considered to

be similar to the cortical bone with an elastic modulus of
17,000 MPa (Weinans et al. 1992) and a Poisson’s ratio of
0.3 (Wirtz et al. 2000). In addition, its remodelling capaci-
ties were constrained and properties were assumed to be
constant in time and space. In the present study, to execute
matrix multiplication of tensors in FEniCS, the femur and
the side-plate had to be modelled as slice with a uniform
thickness of 1 mm and 0.1 mm, respectively. The domains
were meshed using 10-node isoparametric tetrahedral ele-
ments with only one element in the transverse direction (see
Fig. 5b) as FEniCS does not support hexahedral mesh. Dir-
ichlet boundary conditions were applied at the lower part of
the femur (see Fig. 5a), where the bottom face was restrained
in the vertical direction and the left-most edge T-R (see
Fig. 5b) was constrained in both vertical and horizontal
directions to prevent rigid body motion during the analysis.
To impose plane strain conditions (Fernandez et al. 2010,
2012a), the front and back faces of both the femur and the
side-plate were constrained in the z-direction (correspond-
ing to the anterior—posterior direction). The total simulation
time was set to be 7=300 days (remodelling period) with a
time-step size of A t = 0.1 day.

Implementing the same scheme as described in (Beaupré
et al. 1990b; Jacobs et al. 1995; Jacobs 1994), the remod-
elling behaviour was considered under the action of three
simultaneous load cases that characterise the total load-time
history for walking activity. Each load case consists of a set
of parabolic distributed loads acting on the femoral head and
the corresponding reaction forces induced by the abductor
muscles acting on the greater trochanter (see Table 2). The
first load case represents the moment when the foot touches
the ground, while the other two represent the alternative
moments of an exemplary gait cycle (see Fig. 5c) (Beaupré
et al. 1990a). These cyclic loading cases with different fre-
quencies were applied simultaneously in a sequential manner
(see Fig. 5d), where each iteration represents one day.

2.5 Electrical boundary conditions

To simulate the piezoelectric strain-adaptive bone remod-
elling, the loading and boundary conditions are depicted
in Fig. 6a. The previously used mechanical boundary con-
ditions (Sect. 2.4) were supplemented with an additional
electrical constraint applied at the left-most edge of the
femur, where it was electrically grounded. For a systematic
comparison of the density distribution obtained from the
strain-adaptive bone remodelling (Sect. 2.1), the piezoelec-
tric bone remodelling simulation (Sect. 2.2) was initially
run for T=300 days. This also enables a fair comparison
with similar literature studies (Fernandez et al. 2012a).
With the obtained density configuration as an initial state,
it was further assumed that the daily physical activity of the
person is reduced between days 300-400 and this has been
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Fig.5 a Meshed finite element model of the human proximal femur
and side-plate (joined at nodes highlighted by black dots) with
applied mechanical boundary conditions (front-view); b lateral view

Table 2 Mean value and angular orientation of the resultant forces for
the three load cases considered in (Beaupré et al. 1990b; Jacobs et al.
1995). Angles are referred to the vertical direction (see Fig. 5c)

Load case Load (F) applied on the femoral Reaction force (R)
head applied on the greater
trochanter
Load (N) Angle 6(°) Load (N) Angle 6(°)
2317 24 703 28
1158 -15 351 -8
3 1548 56 468 35

incorporated in our simulations by applying the mechanical
loads only once in three days for this duration referred to as
reduced physical activity (Fernandez et al. 2012a). When
an electric stimulation is applied to piezoelectric material
an associated mechanical displacement is obtained and in
the case of the femur, a change in bone density is observed.
Accordingly, similar to other studies (Cerrolaza et al. 2017,
Fernandez et al. 2012a), during the period of reduced physi-
cal activity, i.e. 300400 days, a surface electric charge gy
of 2x 10~ C/mm? was applied to the greater trochanter (see
Fig. 6b).

For both models of bone remodelling, i.e. without and
with piezoelectric effect, simulations start with a uniform
initial density p, of 0.8 g/cm® (Weinans et al. 1992; Fernan-
dez et al. 2010, 2012a) and by applying the appropriate
boundary conditions, changes in the bone density distribu-
tion were computed. The initial bone density of 0.8 g/cm?
was chosen as it represents a near average of the minimal and
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of the proximal femur; ¢ sequence of the gait cycle (Beaupré et al.
1990b; Jacobs et al. 1995); and d corresponding load pattern applied
simultaneously and sequentially to the finite element model

maximal bone densities considered in the remodelling algo-
rithms (Marzban et al. 2012). Moreover, this also allows a
fair comparison of the obtained simulation results with those
from the literature (Fernandez et al. 2010, 2012a; Jacobs
et al. 1995; Weinans et al. 1992). To study the effect of the
chosen initial bone density on the final density distribution,
a range of initial density values from 0.2 to 1.4 g/cm?, with
an increment of 0.3 g/cm® was considered. Additionally, the
variation of + 5% of the initial bone density of 0.8 g/cm? that
leads to the values of 0.76 g/cm® and 0.84 g/cm?, respec-
tively, was considered to evaluate the model performance.
While studying the effect of initial bone density, the other
simulation parameters remained unchanged. During the sim-
ulations, bone adapts its structure in response to the exter-
nally applied mechanical stimuli and exhibits a heterogene-
ous density distribution at the final time. The finite element
simulations were performed under the assumption of small
displacement theory and homogeneous, isotropic linear-elas-
tic material behaviour. To calculate the evolution of apparent
bone density, an element-based approach was implemented,
where the density was assumed to be elementwise constant.
In the present study, time was discretised using forward
Euler method with a constant time-step size of 0.1 and a
direct solver based on sparse LU decomposition (Gaussian
elimination) was used to solve linear asymmetric system.
Although not shown here, mesh and time convergence stud-
ies were performed and it was found that the results were
independent of element and time-step size below 1 mm
and 0.1 time units, respectively. The finite element simula-
tions were performed on a workstation with 256 GB RAM,
Intel(R) Xeon(R) CPU E5-2687Wv4@3.00 GHz with 4
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Fig.6 a Meshed finite element a
model of the proximal femur

with applied mechanical and

electrical boundary conditions R1
simulating piezoelectric strain- X
adaptive bone remodelling; b

the therapeutic electrical stimu-

lation (surface charge) applied

to the greater trochanter Py
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cores using FEniCS and the strain-adaptive bone remodel-
ling took approximately 10 s and the same with piezoelectric
effect required about 14 s for each time-step iteration.

2.6 Conversion of computed tomography (CT) HU
values into BMD using a calibration phantom

A human femur specimen of a 58 years male donor with
no history of major injury or orthopaedic surgery was CT
scanned (SOMATOM Definition AS + CT scanner, Siemens
AG, Erlangen, Germany) with a calibration phantom (Euro-
pean Forearm Phantom-05-83, QRM GmbH, Mohrendorf,
Germany) and the images were stored in DICOM format
(Kluess et al. 2019). AMIRA® software was deployed to
import these images and reconstruct the bone surface. Sev-
eral experimental relationships are available in the litera-
ture relating the HU values with the bone density and other
mechanical characteristics (Wirtz et al. 2000; Rho et al.
1995; Keller 1994; Lotz et al. 1990; Peng et al. 2007). In
the present study, a calibration phantom was used to associ-
ate the HU values with the ash density of the femoral bone
(paen = HU/895.93) and more details can be found in our
previous study (Geier et al. 2019). Subsequently, to com-
pare the density values from the CT scan with the values
from the FE model, the bone ash density was converted
into the apparent density p,,, (dry bone) using the relation
Pash/ Papp = 0-55 (Keyak et al. 1994; Schileo et al. 2008).
The procedure used in this study was approved by the ethical
review committee (Ethics Committee of the Bavarian Medi-
cal Association, BLAEK 2011-058, Munich, Germany).
To validate the simulation results, the predicted bone den-
sity distributions were compared qualitatively and quanti-
tatively with the CT data. For the qualitative analysis, the
predicted bone density distribution was visually compared
with the CT scan of the same femur. In the case of the quan-
titative analysis, root-mean-square (RMS) error, based on
absolute differences between the bone apparent density of
the simulation and of the CT scan image, were computed,
along with the mean deviation of the differences. Using the
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@ R1 \
R2 k

F2 b F2
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R RESSESEESS
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nodal coordinates obtained from the finite element model,
the same locations on the referent CT were chosen to calcu-
late the corresponding BMD values.

3 Results and discussion

3.1 Strain-adaptive bone remodelling
without and with the piezoelectric effect

Starting from a homogeneous density distribution, the
bone densities predicted by the strain-adaptive bone
remodelling model (Sect. 2.1) at intermediate time
t=150 days (Fig. 7a) and final time 7=300 days (Fig. 7b)
using an interpolation post-processing technique are
shown in Fig. 7a-b. To explore the influence of additional
electrical stimulation on the mechanically loaded human
femur, the piezoelectric strain-adaptive bone remodelling
model (Sect. 2.2) was also simulated. For quantitative
comparison of both these models (i.e. the strain-adaptive
bone remodelling model (Sect. 2.1) and the piezoelectric
strain-adaptive bone remodelling model (Sect. 2.2)), the
difference between the predicted final bone densities is
plotted in Fig. 7c. It was observed that the simulation
results are very similar, with minor variations in the tra-
becular trajectories. Thus, it is evident that the piezoelec-
tric potential does not have much influence on the dis-
tribution of bone density and this could be because the
electrical potential generated due to walking activity is
very low (Fernandez et al. 2012a).

For qualitative analysis of simulation results, the pre-
dicted bone density distribution (Fig. 7b) was visually com-
pared to the radiographic scan of the proximal human femur
(see Fig. 7d). The final configuration predicted a reasonably
accurate density distribution with an intramedullary canal
and cortical wall, Ward’s triangle (highlighted with white
dashed lines) and an internal trabecular pattern of the fem-
oral head. Also, these results are in good agreement with
other bone remodelling studies without and with considering
piezoelectric effect performed using commercial software
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a t=150days

Fig.7 For strain-adaptive bone
remodelling, the evolution of
bone density at a intermediate
time 7= 150 days and b final
time 7=300 days; c differences
between bone density without
and with considering the piezo-
electric effect at 7=300 days;
d qualitative comparison with
the radiograph of the proximal
femur; e position of manually
selected 176 random nodal
points for calculating the RMS
and mean deviation; f quantita-
tive comparison with the CT
bone density

d Radiograph

(Weinans et al. 1992; Nackenhorst 1997, 2018; Fernandez
et al. 2010, 2012a; Garijo et al. 2014; Jacobs et al. 1995;
Villette and Phillips 2017; Cerrolaza et al. 2017; Pettermann
et al. 1997) and this serves as a preliminary validation of
the bone remodelling simulations using the open-source
framework shown in Fig. 4. It is evident in several clinical
studies (Zhang et al. 2020; Hauger et al. 2020; Gupta et al.
2020; Petrovic et al. 2019; Nilsson et al. 2019; Wishart et al.
1995) that bone loss appears to accelerate with increasing
age. In this context, compared to the radiograph used in this
study (Fig. 7d), the primary tensile trabeculae (convex curve
directed towards the greater trochanter) is more prominent in
the final bone density distribution (Fig. 7b) and the reason
for this could be that the radiograph belongs to a relatively
old man of 58 years.

For quantitative analysis of the simulation results, RMS
error and mean deviation were computed for manually
selected 176 random nodal points (highlighted with pink
dots in Fig. 7e). A non-probability convenience sampling
technique (Lombardo et al. 2017) was used to select these
nodal points to cover the whole domain area rather than cap-
turing all domain characteristics, which may yield skewed
results. Although not shown here, the range of HU values
(-200 to 1500 HU) obtained from the CT data corresponds
well with those obtained by Perez et al. (2007, 2010), where
high values were noticed in the femoral cortex. Figure 7f
shows the bone density calculated using the HU-density
relationship mentioned in Sect. 2.6. Comparing the predicted
(Fig. 7b) and CT bone densities (Fig. 7f), the RMS error
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and mean deviation were calculated to be 0.218 g/cm® and
0.220 g/cm?, respectively. These quantitative measurements
can serve as additional validation of the implemented bone
remodelling algorithms using an open-source framework.
For better correlation between simulation results and CT
observations, patient-specific initial bone density distribu-
tion, three-dimensional (3D) geometry, boundary conditions,
or a combination of these could be taken into account. The
simulation results presented here can be considered to be
representative of the femur in general.

3.2 Effect of the initial bone density

Several models using different initial uniform density values
resulted in similar but not exactly the same bone density
distribution at the final time. To study the influence of vary-
ing initial bone density on the final density distribution, the
strain-adaptive bone remodelling was analysed for five dif-
ferent initial densities (p,) 0f 0.2, 0.5, 0.8, 1.1 and 1.4 g/cm3.
The simulation results obtained are depicted in Fig. 8. It was
observed that the final bone density distributions are not
completely identical and depend on the initial density value.
For the element-based remodelling algorithm implemented
here, similar findings have been reported in literature studies
(Turner et al. 1993; Weinans et al. 1989). For the node-based
bone remodelling simulations, the effect of different initial
bone densities was analysed by Fischer et al. (1997).
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When the initial bone density was greater than or equal
to 0.8 g/cm?, the average bone density generally decreased
over the remodelling period (see Fig. 9). On the other hand,
when the initial bone density was lower than or equal to
0.5 g/cm®, the average bone density increased in the first
50 days and then decreased gradually. As time increased, the
differences between average bone densities resulting from
different initial density values were getting smaller. The
average bone density at Oth day ranged from 0.2 to 1.4 g/
cm’, at the 150th day was 0.28-0.86 g/cm® and at the 300th
day was 0.26-0.51 g/cm?>. At the 300th day, the relative dif-
ference between the average bone densities is approximately
within the range of 4.0%—23.0% and the distribution of bone
densities resulting from different initial density values are
also dissimilar (see Fig. 8). When a perturbation of +5%
was added to the chosen uniform initial density of 0.8 g/
cm’, the final bone density distribution obtained was simi-
lar but not the same (see dashed lines in Fig. 9). Therefore,
it was evident that both bone density distribution (Fig. 8)
and average bone density (Fig. 9) are dependent on the ini-
tial density values. However, the final density distribution
should not be dependent on the initial conditions as they
have not been obtained from experimental data and are mere
numerical assumptions. In order to mitigate such depend-
ency, the equilibrium zone (lazy zone) along with the satu-
rated density change rate (Su et al. 2019; Martinez-Reina

a py=0.2 glcmd b py=0.5g/cm®

d po=1.1glcmd

’

e pp=1.4 g/cm3

— 4
\

et al. 2016) could be included in the implemented bone
remodelling algorithms. The lazy zone is a range of SED
where the bone density does not change under a given load-
ing condition and the saturated density change rate limits the
bone response under disuse and overload. With increasing
initial bone density, the area with the highest bone density
(red) was reduced, but the area with the lowest bone density
(blue) was enlarged (see Fig. 8), which resulted in lower
overall average density and was consistent with the trends
observed in Fig. 9.

Further to study the local bone adaptation, the evolution
of average bone density in local regions of interest (marked
with white ellipses in Fig. 8c) is plotted in Fig. 10. For all
ROIs, when the initial bone density was greater than 0.8 g/
cm?, the average bone density decreased over time. On the
other hand, when the initial bone density was lower than
0.8 g/cm?, the average bone density increased rapidly for
the first few days and then changed slowly after 100 days.
Moreover, a lower initial density value of 0.2 g/cm? resulted
in the highest average bone density. For high strain regions
(i.e. ROIs I and III), as days increased, the differences in
average bone density resulting from different initial bone
densities were getting smaller (see Fig. 10a and Fig. 10c).
At the final time, i.e. 300th day, the differences in the aver-
age bone density were negligible for these regions and the
distribution of bone density resulting from different initial

C pp=08 g/cm3

Bone density
(g/cm3)

1.74

1.6
[ 1.4
- 1.2
1.0
— 0.8
— 0.6

0.4

0.2
0.01

Fig.8 Bone density distributions predicted at the final time 7=300 days for different uniform initial densities a p, = 0.2 g/cm®, b p, = 0.5 g/
cm?, ¢ p, = 0.8 g/lem? (with white ellipses highlighting regions of interest (ROIs)), d p, = 1.1 g/cm?® and e p, = 1.4 g/em?
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Fig. 9 Evolution of average
bone density for uniform initial
density values (solid lines) rang-
ing from 0.2 to 1.4 g/cm?® and
with small perturbation (dashed
lines) added to 0.8 g/cm®

16

14 F

Average bone density (g/cm3)

Initial bone density (g/cm3)

05 — 08 — 1.1

Perturbation of +5% of the initial bone density of 0.8 (g/cm3)
--0.76 0.84

— 0.2 1.4

0.0

bone densities were also similar (see Fig. 8). Additionally,
a tendency of convergence to a common value is remark-
able. For medium strain regions (i.e. ROIs II and IV), the
average bone density resulting from different initial bone
densities diverged as the time passed (see Fig. 10b and
Fig. 10d).

The results of this study showed the adaptation process
of the proximal femur bone under physiological loadings
during the remodelling period. However, these simula-
tion results are based on the assumption of uniform initial
density, which is not the case in reality. Therefore, while
interpreting the results, it is more important to focus on
the final density distribution rather than the bone density
adaptation process during the remodelling period. Starting
from unrealistic uniform initial density assumption could be
more appropriate for the study of numerical algorithms (Su
et al. 2019; Nutu 2018). A sensitivity analysis was also con-
ducted to investigate the influence of the reference stimulus
on the predicted bone density distribution and the piezo-
electric and permittivity tensors on the generated electric
potentials. This analysis demonstrated that the piezoelectric
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strain-adaptive bone remodelling was sensitive to the values
of these parameters.

3.3 Piezoelectricity of bone tissue

Experimental studies have shown that the applied strain causes
changes in the generated electric potential of bone: parts
exposed to compressive forces developed negative potentials
and parts subjected to tensile forces developed positive poten-
tials (Bassett and Becker 1962; Bassett et al. 1964; Fukada
and Yasuda 1957; Zigman et al. 2013). Figure 11 illustrates
variations in the distribution of electric potentials and their
amplitudes generated during walking due to the application of
varying mechanical loads at different time instants of the day
(direct piezoelectric effect). Here, the electric potentials gener-
ated at different time instants of the day were normalised with
respect to their mean amplitude.For electromechanical simula-
tions, regions with negative potential lead to bone deposition
resembling osteoblastic bone formation, whereas regions with
positive potential lead to osteoclastic bone resorption (Cer-
rolaza et al. 2017; Qin and Ye 2004).
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Fig. 10 Evolution of average bone density in local regions of interest (ROIs) (highlighted in Fig. 8c) over time: (a) I (b) II (¢) III and (d) IV

3.4 Therapeutic electrical stimulation

For a consistent comparison of the simulation results with
similar studies from the literature (Fernandez et al. 2012a;
Cerrolaza et al. 2017), the density distribution obtained
after the remodelling period, i.e. at day 300 (Fig. 7b) was
considered as an initial state for reduced physical activity
simulation and electrical stimulation (see Sect. 2.5). Fig-
ure 12a illustrates the density distribution predicted by the
piezoelectric strain-adaptive bone remodelling after a period
of reduced physical activity, i.e. at 7=400 days. To show
the regional variations in bone density due to reduced physi-
cal activity, the differences between bone density after the

remodelling period (300 days) and the period of reduced
physical activity (300-400 days) are plotted in Fig. 12b. It
is noteworthy that the bone density in trabeculae regions,
specifically in the primary compressive trabeculae in the
centre of the femoral head was lower than at T=300 days.
One of the main advantages of taking into account bone
piezoelectricity (Sect. 3.3) in computational remodelling
studies could be the ability of bone to change its density
through therapeutic electrical stimulation (Fernandez et al.
2012a). For the surface electric charge applied to the greater
trochanter (see Fig. 6b) during the period of reduced physi-
cal activity, a negative potential of approximately —45 V
was observed (see Fig. 13a). This result compares well with
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t=204.2 days

t=204.4 days

t=204.5 days

Normalised
electric potential

V)

Fig. 11 Normalised electric potentials at different time instants 7 of the 204th day

Fig. 12 a Predicted bone den-
sity distribution after a period
of reduced physical activity
(T'=400 days) for piezoelectric
strain-adaptive bone remodel-
ling; b variations between bone
density, after the remodelling
period and after the period of
reduced physical activity

a T=400 days

—47 V recently reported by Cerrolaza et al. (2017) using
boundary element method (BEM) and —50 V reported by
Fernandez et al. (2012a) using FEM.

In order to demonstrate the change in bone density result-
ing from electrical stimulation (inverse piezoelectric effect),
the differences between bone density were plotted (Fig. 13b),
when an electrical charge was applied in addition to the act-
ing mechanical loads and when only mechanical loads were
acting. Although small differences were observed, regions
in red represent an increase in the bone density, whereas
regions in blue represent a decrease. Compared to the reduc-
tion in bone density in trabeculae regions due to reduced
physical activity (see Fig. 12b), the therapeutic electrical
stimulation mainly affects the region in the vicinity of the
point of its application, resulting in a clear increase in bone
density in the area between greater trochanter and centre
of the femoral head. These results are in line with the find-
ings reported by Fernandez et al. (2012a). These prelimi-
nary results demonstrated that the coupling between elec-
trical and mechanical loading influences the evolution of
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bone density distribution. Therefore, therapeutic electrical
stimulation could be considered as an additional stimulus
to enhance bone remodelling and to reduce bone loss, e.g.
due to osteoporosis. The simulation results obtained are in
accordance with those reported in (Fernandez et al. 2012a)
but direct comparison with experimental data is not pos-
sible due to the lack of such data in the current literature.
Although small changes in bone density after electrical stim-
ulation have been observed in the present study, they were
attributed to the matrix piezoelectricity only. These results
motivate future development of multi-physics models that
allow the modelling of multiple coupled phenomena like
matrix piezoelectricity (Fukada and Yasuda 1957), stream-
ing potential (Pollack et al. 1984) and strain generated fluid
flow (Cowin et al. 1995) leading to more encouraging results
for therapeutic electrical stimulation.

To date, different bone remodelling models have been
simulated using commercial software but mostly for
the strain-adaptive bone remodelling without consider-
ing the piezoelectric effect. Some models have also been
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Fig. 13 a Electric potential
generated at time 7=400 days,
when surface electric charge
was applied to the greater
trochanter for the period of
reduced physical activity; b
variations between bone density
at T=400 days, when therapeu-
tic electrical stimulation was
applied and when only mechani-
cal loads were acting

a T =400 days

implemented using in-house programs developed by indi-
vidual laboratories and are not publicly available. However,
in the presented study, the strain-adaptive bone remodelling
models without and with considering the piezoelectric effect
were analysed using an open-source framework for the first
time and the Python code developed is publicly available
on the GitHub repository. To the authors’ knowledge, there
is only insufficient information available on the influence
of electric stimulation on the bone remodelling process.
The piezoelectric strain-adaptive bone remodelling model
proposed by Fernandez et al. (2012a) is the most recent
model that takes the bone piezoelectricity into account and
implemented using the FEM. The predicted bone density
distributions were evaluated qualitatively by visually com-
paring with the CT scan and quantitatively by computing
the RMS error between simulated BMD and BMD derived
from the CT data. By coupling the influences of mechanical
loading and electric field on bone response, the direct and
inverse piezoelectric effects in bone have been illustrated.
The effect of several remodelling parameters such as initial
bone density and reference stimulus on the predicted bone
density distribution and the piezoelectric and permittivity
tensors on the generated electric potentials were also investi-
gated. Additionally, in our present study, the proximal femur
geometry derived from the CT image was used instead of
the schematic one. This study contributes to a better under-
standing of the role of bone piezoelectricity in the electro-
therapeutic stimulation of bone formation and healing.
Nevertheless, there are certain limitations to the bone
remodelling algorithms studied here. These algorithms
use the forward Euler method for the time discretisation,
which is not very accurate and becomes unstable for large
time steps. However, this method has been used here for
a fair comparison with previous studies (Fernandez et al.
2010, 2012a). Both matrix piezoelectricity and streaming
potential are known to contribute significantly to the elec-
tromechanical properties of bone (Fernandez et al. 2012c)
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but the coupling between these phenomena is still unavail-
able. There are large discrepancies in the values of piezo-
electric tensor from the literature (Anderson and Eriksson
1970; Fukada 1968; Fotiadis et al. 1999; Qin and Ye 2004;
Mohammadkhah et al. 2019). In the context of thermody-
namics, the present study is limited by the exclusion of the
concepts of energy balance and flow of energy (Holzapfel
2000). Finally, the formation and resorption of bone tissue
on the outer bone surface due to external loading (Goda et al.
2016) is not taken into consideration.

As future work, to study the influence of the location and
magnitude of an applied electrical stimulus on bone remodel-
ling, it will be applied to the different parts of the human femur.
It is well accepted that matrix piezoelectricity in conjunction
with streaming potential contributes to the electromechanical
properties of bone. Therefore, to better predict the density evo-
lution over time, the constitutive laws for mechanical and elec-
trical behaviour will be modified to incorporate these coupled
multi-physics phenomena. To investigate the effect of electri-
cally active implants (Raben et al. 2019; Schmidt et al. 2015;
Zimmerman et al. 2015; Potratz et al. 2010) on peri-implant
bone remodelling, the piezoelectric bone remodelling algorithm
will be simulated for bone implant application using an open-
source framework. As another interesting strategy, the reduced
activity simulations and electrical stimulation can be performed
using the patient-specific bone density distribution as an ini-
tial state. The present study will be extended to perform 3D
numerical simulations. Furthermore, the boundary conditions
can be improved by incorporating results from musculoskeletal
multibody simulations (Geier et al. 2019; Kebbach et al. 2020).

4 Conclusion
To the authors’ best knowledge, this is the first study that

has introduced a Python-based open-source software frame-
work to simulate the strain-adaptive bone remodelling in the
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human femur both without and with piezoelectric effect. The
simulation results predicted fairly accurate density distribu-
tions that were qualitatively validated by visually comparing
with the real CT data and quantitatively validated by com-
puting the RMS error and mean deviation of the absolute
differences between the bone apparent density of the simula-
tion and the CT image. The study also demonstrated that at
the final time different initial bone density values resulted in
different bone density distribution and different average bone
density. Furthermore, the bone density distribution results
influenced by the piezoelectric effect were compared for nor-
mal and reduced physical activity and a reduction in bone
density was observed. The therapeutic electrical stimula-
tion in the form of electric charge was applied to the greater
trochanter during a period of reduced physical activity and
the bone density distribution results were compared with
those obtained when only mechanical loads were applied.
Our findings demonstrated that the application of an electri-
cal stimulus to the bone surfaces improved bone deposition
and these findings are compared with those reported in the
literature. This study thus suggests that mechanical loads
can be partially replaced by electrical charges that enhance
bone density. This study presents an open-source computa-
tional approach that contributes to a better understanding
of the significance of bone piezoelectricity in the process
of remodelling combining the influences of mechanical and
electrical loadings on bone response. Therefore, the use of
an open-source software framework is very promising for
future numerical studies in biomedicine.

Acknowledgements The authors gratefully acknowledge support
from the German Research Foundation (DFG) via the Collaborative
Research Centre 1270 ELAINE—Electrically Active Implants. We
would also like to thank the Trauma Centre Murnau (Berufsgenos-
senschaftliche Unfallklinik, Murnau, Germany) for the CT scans. The
authors extend their gratitude to Prof Jose R. Fernandez, Universidade
de Vigo for his invaluable advices during this research. The authors
are thankful to Dr Amit Deshpande, John Deere and Dr Suprit Bansod,
Adventum Advanced Solutions Pvt. Ltd. for their critical reading of the
manuscript and valuable comments.

Author contributions U.v.R. and R.B. were responsible for resources
and funding acquisition. Conceptualisation was performed by Y.D.B.,
M.K., D.K., R.B. and U.v.R. Methodology was performed by Y.D.B.
Formal analysis, investigation, writing—original draft preparation and
software were performed by Y.D.B. and M.K. Analysis and interpreta-
tion of the results were performed by Y.D.B., M.K., D.K., R.B. and
U.v.R. Writing-review and editing and supervision were performed by
D.K.,R.B. and U.v.R.

Funding Open Access funding enabled and organized by Projekt
DEAL.. This study was funded by the Deutsche Forschungsgemein-
schaft (DFG, German Research Foundation) via the Collaborative
Research Centre 1270/1 ELAINE—299150580.

@ Springer

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://creativecommons.org/licenses/by/4.0/.

References

Abali BE (2016) Computational reality - solving nonlinear and coupled
problems in continuum mechanics. Springer Verlag, Singapore.
https://doi.org/10.1007/978-981-10-2444-3

Abramovich H (2016) Intelligent materials and structures. Walter de
Gruyter GmbH, Berlin/Boston. https://doi.org/10.1515/97831
10338027

Adachi T, Tsubota K, Tomita Y, Hollister S (2001) Trabecular sur-
face remodeling simulation for cancellous bone using micro-
structural voxel finite element models. J Biomech Eng-T
ASME 123:403-409. https://doi.org/10.1115/1.1392315

Ahrens J, Geveci B, Law C (2005) Paraview: An end-user tool for
large data visualization. The Visualization Handbook. https://
doi.org/10.1016/B978-012387582-2/50038-1

Alnazs M, Blechta J, Hake J, Johansson A, Kehlet B, Logg A, Rich-
ardson C, Ring J, Rognes ME, Wells GN (2015) The FEniCS
project version 1.5. Archive of Numerical Software 3:9-23.
https://doi.org/10.11588/ans, 20553

Amirouche F, Bobko A (2015) Bone remodeling and biomechani-
cal processes - a multiphysics approach. Austin J Biotechnol
Bioeng 2:1041

Anderson JC, Eriksson C (1970) Piezoelectric properties of dry and
wet bone. Nature 227:491-492. https://doi.org/10.1038/227491a0

Bansod YD, van Rienen U (2019) Numerical analysis of electrome-
chanically driven bone remodeling using the open-source soft-
ware framework. 41st Annual International Conference of the
IEEE Engineering in Medicine and Biology Society (EMBC),
Berlin, Germany, 6466—6471. https://doi.org/10.1109/EMBC.
2019.8856543

Bassett C, Becker RO (1962) Generation of electric potentials by
bone in response to mechanical stress. Science 137:1063-1064.
https://doi.org/10.1126/science.137.3535.1063

Bassett C, Pawluk RJ, Becker RO (1964) Effects of electric currents
on bone in vivo. Nature 204:652—-654. https://doi.org/10.1038/
204652a0

Bassett CAL, Pilla AA, Pawluk RJ (1977) A non-operative salvage
of surgically-resistant pseudarthroses and non unions by puls-
ing electromagnetic fields. Clin Ortho Relat Res 124:128-143.
https://doi.org/10.1097/00003086-197705000-00017


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/978-981-10-2444-3
https://doi.org/10.1515/9783110338027
https://doi.org/10.1515/9783110338027
https://doi.org/10.1115/1.1392315
https://doi.org/10.1016/B978-012387582-2/50038-1
https://doi.org/10.1016/B978-012387582-2/50038-1
https://doi.org/10.11588/ans
https://doi.org/10.1038/227491a0
https://doi.org/10.1109/EMBC.2019.8856543
https://doi.org/10.1109/EMBC.2019.8856543
https://doi.org/10.1126/science.137.3535.1063
https://doi.org/10.1038/204652a0
https://doi.org/10.1038/204652a0
https://doi.org/10.1097/00003086-197705000-00017

Finite element analysis of bone remodelling with piezoelectric effects using an open-source... 1163

Batra RC, Yang JS (1995) Saint-Venant’s principle in linear piezo-
electricity. J Elasticity 38:209-218. https://doi.org/10.1007/
BF00042498

Beaupré GS, Orr TE, Carter DR (1990a) An approach for time-
dependent bone modeling and remodeling - theoretical devel-
opment. J Orthop Res 8:651-661. https://doi.org/10.1002/jor.
1100080506

Beaupré GS, Orr TE, Carter DR (1990b) An approach for time-depend-
ent bone modeling and remodeling - application: a preliminary
remodeling simulation. J Orthop Res 8:662-670. https://doi.org/
10.1002/jor.1100080507

Beheshtiha Shirazi A, Nackenhorst U (2015) Computational simula-
tion of piezo-electrically stimulated bone remodeling surround-
ing teeth implant. PAMM 15:111-112. https://doi.org/10.1002/
pamm.201510046

Carter DR, Orr TE, Fyhrie DP (1989) Relationships between load-
ing history and femoral cancellous bone architecture. J] Biomech
22(3):231-244. https://doi.org/10.1016/0021-9290(89)90091-2

Cerrolaza M, Duarte V, Garzén-Alvarado D (2017) Analysis of bone
remodeling under piezoelectricity effects using boundary ele-
ments. J Bionic Eng 14:659-671. https://doi.org/10.1016/S1672-
6529(16)60432-8

Cowin S (2001) Bone mechanics handbook. CRC Press, Boca Raton.
https://doi.org/10.1201/b14263

Cowin SC, Weinbaum S, Zeng Y (1995) A case for bone canaliculi
as the anatomical site of strain generated potentials. J Biomech
28(11):1281-1297. https://doi.org/10.1016/0021-9290(95)
00058-P

DeVoe K (2013) Innovations Affecting Us—Open Source in the
Library: An alternative to the commercial ILS? Against the grain
19(2):42. https://doi.org/10.7771/2380-176X.5082

Duarte V, Thoeni K, Garzén-Alvarado D, Cerrolaza M (2018) A sim-
plified scheme for piezoelectric anisotropic analysis in human
vertebrae using integral methods. Math Probl Eng 2018:1-8.
https://doi.org/10.1155/2018/2783867

Fernandez JR, Garcia-Aznar JM, Martinez R (2012) Numerical analy-
sis of a piezoelectric bone remodelling problem. Eur J Appl Math
23:635-657. https://doi.org/10.1017/S0956792512000150

Fernandez JR, Garcia-Aznar JM, Martinez R (2012) Numerical analy-
sis of a diffusive strain-adaptive bone remodelling theory. Int
J Solids Struct 49:2085-2093. https://doi.org/10.1016/j.ijsolstr.
2012.04.009

Fernandez JR, Garcia-Aznar JM, Martinez R (2012) Piezoelectricity
could predict sites of formation/resorption in bone remodel-
ling and modelling. J Theor Biol 292:86-92. https://doi.org/10.
1016/j.jtbi.2011.09.032

Fernandez JR, Garcia-Aznar JM, Martinez R, Viano J (2010) Numeri-
cal analysis of a strain-adaptive bone remodelling problem. Com-
put Method Appl M 199:1549—-1557. https://doi.org/10.1016/j.
c¢ma.2010.01.005

Fernandez RM (2010) Numerical analysis and simulations in bone
remodeling models. Dissertation, Universidade de Santiago de
Compostela.

Fischer KJ, Jacobs CR, Levenston ME, Carter DR (1997) Observations
of convergence and uniqueness of node-based bone remodeling
simulations. Ann Biomed Eng, 25(2): 261-268. https://doi.org/
10.1007/BF02648040

Fotiadis DI, Foutsitzi G, Massalas CV (1999) Wave propagation mod-
eling in human long bones. Acta Mech 137:65-81. https://doi.
org/10.1007/BF01313145

Fukada E (1968) Mechanical deformation and electrical polarization
in biological substances. Biorheology 5:199-208. https://doi.org/
10.3233/BIR-1968-5302

Fukada E, Yasuda I (1957) On the piezoelectric effect of bone. J Phys
Soc Jpn 12:1158-1162. https://doi.org/10.1143/JPSJ.12.1158

Garcia-Aznar JM, Riiberg T, Doblare M (2005) A bone remodelling
model coupling microdamage growth and repair by 3D BMU-
activity. Biomech Model Mechan 4:147-167. https://doi.org/10.
1007/s10237-005-0067-x

Garijo N, Fernandez J, Pérez M, Garcia-Aznar J (2014) Numerical
stability and convergence analysis of bone remodeling model.
Comput Method Appl M 271:253-268. https://doi.org/10.1016/;.
cma.2013.12.014

Garzén-Alvarado DA, Ramirez-Martinez A, Martinez C (2012)
Numerical test concerning bone mass apposition under electrical
and mechanical stimulus. Theor Biol Med Model 9:14. https://
doi.org/10.1186/1742-4682-9-14

Geier A, Kebbach M, Soodmand E, Woernle C, Kluess D, Bader R
(2019) Neuro-musculoskeletal flexible multibody simulation
yields a framework for efficient bone failure risk assessment. Sci
Rep-UK 9:6928. https://doi.org/10.1038/s41598-019-43028-6

Gerhard FA, Webster DJ, Van Lenthe GH, Miiller R (2009) In silico
biology of bone modelling and remodelling: adaptation. Philos
T Roy Soc A 367(1895):2011-2030. https://doi.org/10.1098/rsta.
2008.0297

Geuzaine C, Remacle JF (2009) Gmsh: A 3-D finite element mesh
generator with built-in pre-and post-processing facilities. Int J
Numer Meth Eng 79:1309-1331. https://doi.org/10.1002/nme.
2579

Gjelsvik A (1973) Bone remodeling and piezoelectricity. ] Biomech
6:69-77. https://doi.org/10.1016/0021-9290(73)90039-0

Goda I, Ganghoffer JF, Maurice G (2016) Combined bone internal and
external remodeling based on Eshelby stress. Int J Solids Struct
94:138-157. https://doi.org/10.1016/j.ijsolstr.2016.04.036

Gong H, Kong L, Zhang R, Fang J, Zhao M (2013) A femur-implant
model for the prediction of bone remodeling behavior induced
by cementless stem. J Bionic Eng 10:350-358. https://doi.org/
10.1016/S1672-6529(13)60230-9

Gupta P, Naik SR, Ashok L, Khaitan T, Shukla AK (2020) Preva-
lence of periodontitis and caries on the distal aspect of man-
dibular second molar adjacent to impacted mandibular third
molar: A guide for oral health promotion. J Family Med Prim
Care 9(5):2370. https://doi.org/10.4103/jfmpc.jfmpc_37_20

Guzelsu N, Demiray H (1979) Electromechanical properties
and related models of bone tissues: A review. Int J Eng Sci
17(7):813-851. https://doi.org/10.1016/0020-7225(79)90013-2

Hambli R, Katerchi H, Benhamou CL (2011) Multiscale methodol-
ogy for bone remodelling simulation using coupled finite ele-
ment and neural network computation. Biomech Model Mechan
10:133-145. https://doi.org/10.1007/s10237-010-0222-x

Hauger AV, Bergland A, Holvik K, Emaus N, Strand BH (2020) Can
bone mineral density loss in the non-weight bearing distal fore-
arm predict mortality? Bone 136:115347. https://doi.org/10.
1016/j.bone.2020.115347

Holzapfel GA (2000) Nonlinear solid mechanics: a continuum approach
for engineering. John Wiley & Sons, Chichester

Huiskes R, Weinans H, Dalstra M (1989) Adaptive bone remodeling
and biomechanical design considerations for noncemented total
hip arthroplasty. Orthopedics 12:1255-1267. https://doi.org/10.
3928/0147-7447-19890901-15

Huiskes R, Weinans H, Grootenboer H, Dalstra M, Fudala B, Slooff T
(1987) Adaptive bone-remodeling theory applied to prosthetic-
design analysis. J Biomech 20:1135-1150. https://doi.org/10.
1016/0021-9290(87)90030-3

Tannacone W, Korostoff E, Pollack SR (1979) Microelectrode study
of stress-generated potentials obtained from uniform and non-
uniform compression of human bone. J] Biomed Mater Res
13(5):753-763. https://doi.org/10.1002/jbm.820130507

Idhammad A, Abdali A, Alaa N (2013) Computational simulation
of the bone remodeling using the finite element method: an

@ Springer


https://doi.org/10.1007/BF00042498
https://doi.org/10.1007/BF00042498
https://doi.org/10.1002/jor.1100080506
https://doi.org/10.1002/jor.1100080506
https://doi.org/10.1002/jor.1100080507
https://doi.org/10.1002/jor.1100080507
https://doi.org/10.1002/pamm.201510046
https://doi.org/10.1002/pamm.201510046
https://doi.org/10.1016/0021-9290(89)90091-2
https://doi.org/10.1016/S1672-6529(16)60432-8
https://doi.org/10.1016/S1672-6529(16)60432-8
https://doi.org/10.1201/b14263
https://doi.org/10.1016/0021-9290(95)00058-P
https://doi.org/10.1016/0021-9290(95)00058-P
https://doi.org/10.7771/2380-176X.5082
https://doi.org/10.1155/2018/2783867
https://doi.org/10.1017/S0956792512000150
https://doi.org/10.1016/j.ijsolstr.2012.04.009
https://doi.org/10.1016/j.ijsolstr.2012.04.009
https://doi.org/10.1016/j.jtbi.2011.09.032
https://doi.org/10.1016/j.jtbi.2011.09.032
https://doi.org/10.1016/j.cma.2010.01.005
https://doi.org/10.1016/j.cma.2010.01.005
https://doi.org/10.1007/BF02648040
https://doi.org/10.1007/BF02648040
https://doi.org/10.1007/BF01313145
https://doi.org/10.1007/BF01313145
https://doi.org/10.3233/BIR-1968-5302
https://doi.org/10.3233/BIR-1968-5302
https://doi.org/10.1143/JPSJ.12.1158
https://doi.org/10.1007/s10237-005-0067-x
https://doi.org/10.1007/s10237-005-0067-x
https://doi.org/10.1016/j.cma.2013.12.014
https://doi.org/10.1016/j.cma.2013.12.014
https://doi.org/10.1186/1742-4682-9-14
https://doi.org/10.1186/1742-4682-9-14
https://doi.org/10.1038/s41598-019-43028-6
https://doi.org/10.1098/rsta.2008.0297
https://doi.org/10.1098/rsta.2008.0297
https://doi.org/10.1002/nme.2579
https://doi.org/10.1002/nme.2579
https://doi.org/10.1016/0021-9290(73)90039-0
https://doi.org/10.1016/j.ijsolstr.2016.04.036
https://doi.org/10.1016/S1672-6529(13)60230-9
https://doi.org/10.1016/S1672-6529(13)60230-9
https://doi.org/10.4103/jfmpc.jfmpc_37_20
https://doi.org/10.1016/0020-7225(79)90013-2
https://doi.org/10.1007/s10237-010-0222-x
https://doi.org/10.1016/j.bone.2020.115347
https://doi.org/10.1016/j.bone.2020.115347
https://doi.org/10.3928/0147-7447-19890901-15
https://doi.org/10.3928/0147-7447-19890901-15
https://doi.org/10.1016/0021-9290(87)90030-3
https://doi.org/10.1016/0021-9290(87)90030-3
https://doi.org/10.1002/jbm.820130507

1164

Y. D. Bansod et al.

elastic-damage theory for small displacements. Theor Biol Med
Model 10:32. https://doi.org/10.1186/1742-4682-10-32

Isaacson BM, Bloebaum RD (2010) Bone bioelectricity: what have we
learned in the past 160 years? J Biomed Mater Res A 95:1270-
1279. https://doi.org/10.1002/jbm.a.32905

Jacobs CR (1994) Numerical simulation of bone adaptation to mechan-
ical loading. Dissertation, Stanford University

Jacobs CR, Levenston M, Beaupré G, Simo J, Carter D (1995) Numeri-
cal instabilities in bone remodeling simulations: the advantages
of a node-based finite element approach. J Biomech 28:453-459.
https://doi.org/10.1016/0021-9290(94)00087-K

Johnson MW, Williams WS, Gross D (1980) Ceramic models for piezo-
electricity in dry bone. J Biomech 13(7):565-573. https://doi.org/
10.1016/0021-9290(80)90057-3

Kebbach M, Darowski M, Krueger S, Schilling C, Grupp TM, Bader R,
Geier A (2020) Musculoskeletal multibody simulation analysis
on the impact of patellar component design and positioning on
joint dynamics after unconstrained total knee arthroplasty. Mate-
rials 13(10):2365. https://doi.org/10.3390/ma13102365

Keller TS (1994) Predicting the compressive mechanical behavior of
bone. J Biomech 27:1159-1168. https://doi.org/10.1016/0021-
9290(94)90056-6

Keyak JH, Lee 1Y, Skinner HB (1994) Correlations between orthog-
onal mechanical properties and density of trabecular bone:
use of different densitometric measures. J Biomed Mater Res
28(11):1329-1336. https://doi.org/10.1002/jbm.820281111

Kim YJ, Lee SH, Park CM, Kim KG (2016) Evaluation of semi-auto-
matic segmentation methods for persistent ground glass nodules
on thin-section CT scans. Healthcare Inform Res 22(4):305-315.
https://doi.org/10.4258/hir.2016.22.4.305

Kluess D, Soodmand E, Lorenz A, Pahr D, Schwarze M, Cichon R,
Varady P, Herrmann S, Buchmeier B, Schroder C, Lehner S
(2019) A round-robin finite element analysis of human femur
mechanics between seven participating laboratories with experi-
mental validation. Comput Methods Biome 22:1-12. https://doi.
org/10.1080/10255842.2019.1615481

Logg A, Mardal KA, Wells G (2012) Automated solution of differen-
tial equations by the finite element method: The FEniCS book.
Springer Science & Business Media. https://doi.org/10.1007/
978-3-642-23099-8

Lombardo G, Pighi J, Marincola M, Corrocher G, Simancas-Pallares
M, Nocini PF (2017) Cumulative success rate of short and ultra-
short implants supporting single crowns in the posterior maxilla:
A 3-year retrospective study. International J Dentist. https://doi.
org/10.1155/2017/8434281

Lotz JC, Gerhart TN, Hayes WC (1990) Mechanical properties of tra-
becular bone from the proximal femur: a quantitative CT study. J
Comput Assist Tomo 14:107-114. https://doi.org/10.1097/00004
728-199001000-00020

Martinez G, Garcia JM, Doblaré M, Cerrolaza M (2006) External bone
remodeling through boundary element and damage mechanics.
Math Comput Simulat 73(1-4):183-199. https://doi.org/10.
1016/j.matcom.2006.06.014

Martinez-Reina J, Ojeda J, Mayo J (2016) On the use of bone remodel-
ling models to estimate the density distribution of bones unique-
ness of the solution. PLoS ONE 11(2):e0148603. https://doi.org/
10.1371/journal.pone.0148603

Marzban A, Canavan P, Warner G, Vaziri A, Nayeb-Hashemi H (2012)
Parametric investigation of load-induced structure remodeling in
the proximal femur. P I Mech Eng H 226(6):450-460. https://doi.
org/10.1177/0954411912444067

Mauck J, Wieding J, Kluess D, Bader R (2016) Numerical simulation
of mechanically stimulated bone remodelling. Current Directions
in Biomedical Engineering 2:643—647. https://doi.org/10.1515/
cdbme-2016-0141

@ Springer

Mogos G Biometrics in cyber defense. In: MATEC Web of Confer-
ences 309:02003 EDP Sciences, Sanya, China, 2020. https://doi.
org/10.1051/matecconf/202030902003

Mohaghegh K, Pérez MA, Garcia-Aznar JM (2014) Accelerating
numerical simulations of strain-adaptive bone remodeling pre-
dictions. Comput Method Appl M 273:255-272. https://doi.org/
10.1016/j.cma.2014.02.003

Mohammadkhah M, Marinkovic D, Zehn M, Checa S (2019) A review
on computer modeling of bone piezoelectricity and its applica-
tion to bone adaptation and regeneration. Bone 127:544-555.
https://doi.org/10.1016/j.bone.2019.07.024

Mullender MG, Huiskes R, Weinans H (1994) A physiological
approach to the simulation of bone remodeling as a self-organ-
izational control process. J Biomech 27:1389-1394. https://doi.
0rg/10.1016/0021-9290(94)90049-3

Nackenhorst U (1997) Numerical simulation of stress stimulated bone
remodelling. Technische Mechanik 17:31-40

Nackenhorst U (2018) Modeling of bone adaption processes in ency-
clopedia of continuum mechanics. H. Altenbach and A. Ochsner,
Ed. Springer, Berlin, Heidelberg, 1-11

Nickel F, Kenngott HG, Neuhaus J, andrews N, Garrow C, Kast J,
Sommer CM, Gehrig T, Gutt, CN, Meinzer HP, Miiller-Stich
BP, (2018) Computer tomographic analysis of organ motion
caused by respiration and intraoperative pneumoperitoneum in
a porcine model for navigated minimally invasive esophagec-
tomy. Surg Endosc 10:4216-4227. https://doi.org/10.1007/
s00464-018-6168-2

Nilsson H, Sanmartin Berglund J, Renvert S (2019) Longitudinal
evaluation of periodontitis and tooth loss among older adults.
J Clin Periodontol 46(10):1041-1049. https://doi.org/10.1111/
jepe.13167

Nutu E (2018) Role of initial density distribution in simulations of
bone remodeling around dental implants. Acta Bioeng Biomech
20(4):23-31. https://doi.org/10.5277/ABB-01195-2018-02

Otter M, Goheen S, Williams WS (1988) Streaming potentials in chem-
ically modified bone. J Orthop Res 6(3):346-359. https://doi.org/
10.1002/jor.1100060306

Papathanasopoulou VA, Fotiadis D, Foutsitzi G, Massalas C (2002)
A poroelastic bone model for internal remodeling. Int J Eng Sci
40:511-530. https://doi.org/10.1016/S0020-7225(01)00076-3

Peng L, Bai J, Zeng X, Zhou Y (2007) Comparison of isotropic and
orthotropic material property assignments on femoral finite
element models under two loading conditions. Med Eng Phys
28:227-233. https://doi.org/10.1016/j.medengphy.2005.06.003

Perez MA, Fornells P, Doblaré M, Garcia-Aznar JM (2010) Compara-
tive analysis of bone remodelling models with respect to comput-
erised tomography-based finite element models of bone. Comput
Methods Biome 13:71-80. https://doi.org/10.1080/1025584090
3045029

Perez MA, Fornells P, Garcia-Aznar JM, Doblare M (2007) Validation
of bone remodelling models applied to different bone types using
Mimics. University of Zaragoza.

Petrovic M, Wauters M, Elseviers M, Peeters L, De Meester D,
Christiaens T (2019) Reducing psychotropic drug use in nurs-
ing homes in Belgium: a feasibility study for the roll-out of a
practice improvement initiative. In 15th International Congress
of the European Geriatric Medicine Society. Krakéw, Poland
10:S17-S18

Pettermann HE, Reiter TJ, Rammerstorfer FG (1997) Computational
simulation of internal bone remodeling. Arch Comput Method
4(4):295-323. https://doi.org/10.1007/BF02737117

Pienkowski D, Pollack SR (1983) The origin of stress-generated poten-
tials in fluid-saturated bone. J Orthop Res 1:30—41. https://doi.
org/10.1002/jor.1100010105

Pivonka P, Zimak J, Smith DW, Gardiner BS, Dunstan CR, Sims NA,
Martin TJ, Mundy GR (2008) Model structure and control of


https://doi.org/10.1186/1742-4682-10-32
https://doi.org/10.1002/jbm.a.32905
https://doi.org/10.1016/0021-9290(94)00087-K
https://doi.org/10.1016/0021-9290(80)90057-3
https://doi.org/10.1016/0021-9290(80)90057-3
https://doi.org/10.3390/ma13102365
https://doi.org/10.1016/0021-9290(94)90056-6
https://doi.org/10.1016/0021-9290(94)90056-6
https://doi.org/10.1002/jbm.820281111
https://doi.org/10.4258/hir.2016.22.4.305
https://doi.org/10.1080/10255842.2019.1615481
https://doi.org/10.1080/10255842.2019.1615481
https://doi.org/10.1007/978-3-642-23099-8
https://doi.org/10.1007/978-3-642-23099-8
https://doi.org/10.1155/2017/8434281
https://doi.org/10.1155/2017/8434281
https://doi.org/10.1097/00004728-199001000-00020
https://doi.org/10.1097/00004728-199001000-00020
https://doi.org/10.1016/j.matcom.2006.06.014
https://doi.org/10.1016/j.matcom.2006.06.014
https://doi.org/10.1371/journal.pone.0148603
https://doi.org/10.1371/journal.pone.0148603
https://doi.org/10.1177/0954411912444067
https://doi.org/10.1177/0954411912444067
https://doi.org/10.1515/cdbme-2016-0141
https://doi.org/10.1515/cdbme-2016-0141
https://doi.org/10.1051/matecconf/202030902003
https://doi.org/10.1051/matecconf/202030902003
https://doi.org/10.1016/j.cma.2014.02.003
https://doi.org/10.1016/j.cma.2014.02.003
https://doi.org/10.1016/j.bone.2019.07.024
https://doi.org/10.1016/0021-9290(94)90049-3
https://doi.org/10.1016/0021-9290(94)90049-3
https://doi.org/10.1007/s00464-018-6168-2
https://doi.org/10.1007/s00464-018-6168-2
https://doi.org/10.1111/jcpe.13167
https://doi.org/10.1111/jcpe.13167
https://doi.org/10.5277/ABB-01195-2018-02
https://doi.org/10.1002/jor.1100060306
https://doi.org/10.1002/jor.1100060306
https://doi.org/10.1016/S0020-7225(01)00076-3
https://doi.org/10.1016/j.medengphy.2005.06.003
https://doi.org/10.1080/10255840903045029
https://doi.org/10.1080/10255840903045029
https://doi.org/10.1007/BF02737117
https://doi.org/10.1002/jor.1100010105
https://doi.org/10.1002/jor.1100010105

Finite element analysis of bone remodelling with piezoelectric effects using an open-source... 1165

bone remodeling: a theoretical study. Bone 43:249-263. https://
doi.org/10.1016/j.bone.2008.03.025

Pollack SR, Petrov N, Salzstein R, Brankov G, Blagoeva R (1984) An
anatomical model for streaming potentials in osteons. ] Biomech
17(8):627-636. https://doi.org/10.1016/0021-9290(84)90094-0

Potratz C, Kluess D, Ewald H, van Rienen U (2010) Multiobjective
optimization of an electrostimulative acetabular revision system.
IEEE T Bio-med Eng 57(2):460-468. https://doi.org/10.1109/
TBME.2009.2030961

Prendergast PJ, Taylor D (1994) Prediction of bone adaptation using
damage accumulation. J Biomech 27:1067-1076. https://doi.org/
10.1016/0021-9290(94)90223-2

Qin QH, Qu C, Ye J (2005) Thermoelectroelastic solutions for surface
bone remodeling under axial and transverse loads. Biomaterials
26:6798-6810. https://doi.org/10.1016/j.biomaterials.2005.03.
042

Qin QH, Ye JQ (2004) Thermoelectroelastic solutions for internal bone
remodeling under axial and transverse loads. Int J Solids Struct
41:2447-2460. https://doi.org/10.1016/].ijsolstr.2003.12.026

Qu C, Qin QH, Kang Y (2006) A hypothetical mechanism of bone
remodeling and modeling under electromagnetic loads. Bioma-
terials 27:4050-4057. https://doi.org/10.1016/j.biomaterials.
2006.03.015

Raben H, Kdimmerer PW, Bader R, van Rienen U (2019) Establishment
of a numerical model to design an electro-stimulating system for
a porcine mandibular critical size defect. Appl Sci 9(10):2160.
https://doi.org/10.3390/app9102160

Ramtani S (2008) Electro-mechanics of bone remodeling. Int J Eng
Sci 46:1173-1182. https://doi.org/10.1016/j.ijengsci.2008.06.001

Rho JY, Hobatho MC, Ashman RB (1995) Relations of mechanical
properties to density and CT numbers in human bone. Med
Eng Phys 17:347-355. https://doi.org/10.1016/1350-4533(95)
97314-F

Ribes A, Caremoli C (2007) Salome platform component model for
numerical simulation. 31st Annual International Computer Soft-
ware and Applications Conference (COMPSAC 2007). Beijing
2:553-564. https://doi.org/10.1109/COMPSAC.2007.185

Robling AG, Turner CH (2009) Mechanical signaling for bone mod-
eling and remodelling. Crit Rev Eukaryot Gene Expr 19:319—
338. https://doi.org/10.1615/CritRevEukarGeneExpr.v19.i4.50

Ruimerman R, Hilbers P, Van Rietbergen B, Huiskes R (2005) A
theoretical framework for strain-related trabecular bone main-
tenance and adaptation. J Biomech 38:931-941. https://doi.org/
10.1016/j.jbiomech.2004.03.037

Saeidi M, Gubaua JE, Kelly P, Kazemi M, Besier T, Dicati G,
Pereira JT, Neitzert T, Ramezani M (2020) The influence of
an extra-articular implant on bone remodelling of the knee
joint. Biomech Model Mechan 19:37-46. https://doi.org/10.
1007/s10237-019-01193-7

Schileo E, Dall’Ara E, Taddei F, Malandrino A, Schotkamp T,
Baleani M, Viceconti M, (2008) An accurate estimation of
bone density improves the accuracy of subject-specific finite
element models. J Biomech 41(11):2483-2491. https://doi.org/
10.1016/j.jbiomech.2008.05.017

Schmidt C, Zimmermann U, van Rienen U (2015) Modeling of an
optimized electrostimulative hip revision system under con-
sideration of uncertainty in the conductivity of bone tissue.
IEEE J Biomed Health 19(4):1321-1330. https://doi.org/10.
1109/1BHI.2015.2423705

Sheppard JP, Prashant GN, Chen CHIJ, Peeters S, Lagman C, Ong
V, Udawatta M, Duong C, Nguyen T, Romiyo P, Gaonkar B
(2019) Timing of adjuvant radiation therapy and survival out-
comes after surgical resection of intracranial non-small cell
lung cancer metastases. Clin Neurol Neurosur 183:105389.
https://doi.org/10.1016/j.clineuro.2019.105389

Su K, Yuan L, Yang J, Du J (2019) Numerical simulation of man-
dible bone remodeling under tooth loading: A parametric
study. Sci Rep—UK 9(1): 1-12. https://doi.org/10.1038/
$41598-019-51429-w

Su Y, Kluess D, Mittelmeier W, van Rienen U, Bader R (2016) An
automatic approach for calibrating dielectric bone properties
by combining finite-element and optimization software tools.
Comput Method Biomec 19:1306-1313. https://doi.org/10.
1080/10255842.2015.1131980

Suarez DR, Weinans H, van Keulen F (2012) Bone remodel-
ling around a cementless glenoid component. Biomech
Model Mechan 11:903-913. https://doi.org/10.1007/
$10237-011-0360-9

Turner CH, Anne V, Pidaparti R (1997) A uniform strain criterion for
trabecular bone adaptation: do continuum-level strain gradients
drive adaptation? J Biomech 30:555-563. https://doi.org/10.
1016/S0021-9290(97)84505-8

Turner CH, Anne V, Pidaparti RM (1993) Convergence and unique-
ness of bone adaptation models, transactions of the 39th annual
meeting of the orthopaedic research society. San Francisco, CA
18:1-527

van Rienen U (2001) Numerical methods in computational electrody-
namics linear systems in practical applications. Springer, Berlin

Venildinen MS, Mononen ME, Salo J, Réséanen LP, Jurvelin JS, Toyrds
J, Virén T, Korhonen RK (2016) Quantitative evaluation of the
mechanical risks caused by focal cartilage defects in the knee. Sci
Rep-UK 6:37538. https://doi.org/10.1038/srep37538

Villette CC, Phillips ATM (2017) Microscale poroelastic metamodel
for efficient mesoscale bone remodelling simulations. Bio-
mech Model Mechan 16:2077-2091. https://doi.org/10.1007/
$10237-017-0939-x

Wang X, Thomas CDL, Clement JG, Das R, Davies H, Fernandez JW
(2016) A mechanostatistical approach to cortical bone remod-
elling: an equine model. Biomech Model Mechan 15:29-42.
https://doi.org/10.1007/s10237-015-0669-x

Webster D, Miiller R (2011) In silico models of bone remodeling from
macro to nano - from organ to cell. Wires Syst Biol Med 3:241-
251. https://doi.org/10.1002/wsbm.115

Weinans H, Huiskes R, Grootenboer H (1992) The behavior of adaptive
bone-remodeling simulation models. J Biomech 25:1425-1441.
https://doi.org/10.1016/0021-9290(92)90056-7

Weinans H, Huiskes R, Grootenboer HJ (1989) Convergence and
uniqueness of adaptive bone remodeling, Transactions of the
35th Annual Meeting of the Orthopaedic Research Society. Las
Vegas, NV 14:1-310

Wieland DCF, Krywka C, Mick E, Willumeit-Romer R, Bader R,
Kluess D (2015) Investigation of the inverse piezoelectric effect
of trabecular bone on a micrometer length scale using synchro-
tron radiation. Acta Biomater 25:339-346. https://doi.org/10.
1016/j.actbio.2015.07.021

Wirtz DC, Schiffers N, Pandorf T, Radermacher K, Weichert D, Forst
R (2000) Ceritical evaluation of known bone material properties to
realize anisotropic FE-simulation of the proximal femur. J Biomech
33:1325-1330. https://doi.org/10.1016/S0021-9290(00)00069-5

Wishart JM, Need AO, Horowitz M, Morris HA, Nordin BEC (1995)
Effect of age on bone density and bone turnover in men. Clin
Endocrinol 42(2):141-146. https://doi.org/10.1111/j.1365-2265.
1995.tb01854.x

Wolff J (1893) The law of the transformation of the bones. DMW-
German Medical Weekly 19:1222-1224. https://doi.org/10.
1055/s-0028-1144106

Yasuda I (1954) On the piezoelectric activity of bone. J Jpn Orthop
Surg Soc 28(3):267

Zhang X, LiY, Ge Z, Zhao H, Miao L, Pan Y (2020) The dimension
and morphology of alveolar bone at maxillary anterior teeth in

@ Springer


https://doi.org/10.1016/j.bone.2008.03.025
https://doi.org/10.1016/j.bone.2008.03.025
https://doi.org/10.1016/0021-9290(84)90094-0
https://doi.org/10.1109/TBME.2009.2030961
https://doi.org/10.1109/TBME.2009.2030961
https://doi.org/10.1016/0021-9290(94)90223-2
https://doi.org/10.1016/0021-9290(94)90223-2
https://doi.org/10.1016/j.biomaterials.2005.03.042
https://doi.org/10.1016/j.biomaterials.2005.03.042
https://doi.org/10.1016/j.ijsolstr.2003.12.026
https://doi.org/10.1016/j.biomaterials.2006.03.015
https://doi.org/10.1016/j.biomaterials.2006.03.015
https://doi.org/10.3390/app9102160
https://doi.org/10.1016/j.ijengsci.2008.06.001
https://doi.org/10.1016/1350-4533(95)97314-F
https://doi.org/10.1016/1350-4533(95)97314-F
https://doi.org/10.1109/COMPSAC.2007.185
https://doi.org/10.1615/CritRevEukarGeneExpr.v19.i4.50
https://doi.org/10.1016/j.jbiomech.2004.03.037
https://doi.org/10.1016/j.jbiomech.2004.03.037
https://doi.org/10.1007/s10237-019-01193-7
https://doi.org/10.1007/s10237-019-01193-7
https://doi.org/10.1016/j.jbiomech.2008.05.017
https://doi.org/10.1016/j.jbiomech.2008.05.017
https://doi.org/10.1109/JBHI.2015.2423705
https://doi.org/10.1109/JBHI.2015.2423705
https://doi.org/10.1016/j.clineuro.2019.105389
https://doi.org/10.1038/s41598-019-51429-w
https://doi.org/10.1038/s41598-019-51429-w
https://doi.org/10.1080/10255842.2015.1131980
https://doi.org/10.1080/10255842.2015.1131980
https://doi.org/10.1007/s10237-011-0360-9
https://doi.org/10.1007/s10237-011-0360-9
https://doi.org/10.1016/S0021-9290(97)84505-8
https://doi.org/10.1016/S0021-9290(97)84505-8
https://doi.org/10.1038/srep37538
https://doi.org/10.1007/s10237-017-0939-x
https://doi.org/10.1007/s10237-017-0939-x
https://doi.org/10.1007/s10237-015-0669-x
https://doi.org/10.1002/wsbm.115
https://doi.org/10.1016/0021-9290(92)90056-7
https://doi.org/10.1016/j.actbio.2015.07.021
https://doi.org/10.1016/j.actbio.2015.07.021
https://doi.org/10.1016/S0021-9290(00)00069-5
https://doi.org/10.1111/j.1365-2265.1995.tb01854.x
https://doi.org/10.1111/j.1365-2265.1995.tb01854.x
https://doi.org/10.1055/s-0028-1144106
https://doi.org/10.1055/s-0028-1144106

1166

Y. D. Bansod et al.

periodontitis: A retrospective analysis—using CBCT. Int J Oral
Sci 12(1):1-9. https://doi.org/10.1038/s41368-019-0071-0

Zigman T, Davila S, Dobric I, Antoljak T, Augustin G, Rajacic D,
Kovac T, Ehrenfreund T (2013) Intraoperative measurement of
bone electrical potential: a piece in the puzzle of understanding
fracture healing. Injury 44:S16-S19. https://doi.org/10.1016/
S0020-1383(13)70191-8

Zimmermann U, van Rienen U (2015) Investigation of the electric
field distribution within an electro-stimulated microstructure of

@ Springer

cancellous bone. In: International Conference on the Compu-
tation of Electromagnetic Fields (Compumag 2015), Montreal,
Canada.

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1038/s41368-019-0071-0
https://doi.org/10.1016/S0020-1383(13)70191-8
https://doi.org/10.1016/S0020-1383(13)70191-8

	Finite element analysis of bone remodelling with piezoelectric effects using an open-source framework
	Abstract
	1 Introduction
	2 Material and methods
	2.1 Strain-adaptive bone remodelling
	2.2 Piezoelectric strain-adaptive bone remodelling
	2.3 Open-source software framework to set up a finite element model
	2.4 Mechanical boundary conditions
	2.5 Electrical boundary conditions
	2.6 Conversion of computed tomography (CT) HU values into BMD using a calibration phantom

	3 Results and discussion
	3.1 Strain-adaptive bone remodelling without and with the piezoelectric effect
	3.2 Effect of the initial bone density
	3.3 Piezoelectricity of bone tissue
	3.4 Therapeutic electrical stimulation

	4 Conclusion
	Acknowledgements 
	References




