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ABSTRACT

Dental implants are becoming an increasingly important part of modern
dental treatment. Developing an optimal implant surface design can
improve osseointegration. Promising to increase the rate of
osseointegration is the use of external shock wave therapy, which has
proven itself for the treatment of fractures, bone defects, and bone tissue
regeneration during surgery and arthroplasty. This work aims at a
numerical investigation of the effects of low-energy shock wave therapy of
various ranges on the mechanical behaviour of bone tissues, taking into
account the physiological characteristics in the area of dental implant
placement. Modelling was carried out using the method of movable
cellular automata. Using computer simulation, it was found that the
conditions for the regeneration of bone tissues at the near-contact zone
with the implant of the jaw segment are created by a shock wave with an
intensity of greater than 0.1 mj/mm2.

© 2023 Journal of Materials and Engineering

1. INTRODUCTION

implant. Improvements in osseointegration are
achieved by developing an optimal implant

Dental implants are becoming an increasingly
common part of modern dental treatment, with
long-term success exceeding 90 %. Dental
implants are most commonly placed on patients
over the age of 40. The most common material for
implants (or pins, the basis of a dental prosthesis)
is Ti-6Al-4V titanium alloy, which provides the
necessary mechanical strength. The longest and
most important stage in the installation of a dental
prosthesis is the osseointegration of its metal
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surface design [1, 2]. Their clinical goal is to
contribute to the even greater long-term success
of implantation as well as reduce the risk of
complications, especially in patients with medical
disorders. In addition, to accelerate the process of
osseointegration and enhance its quality, non-
invasive methods are currently being developed,
which are divided into drug therapy and external
mechanical exposure. Promising to increase the
rate of osseointegration is the use of external
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shock wave therapy, which has proven itself for
the treatment of fractures, bone defects, and bone
tissue regeneration during surgery and
arthroplasty [3]. The interface zone of the implant
with the bone should have a highly porous
structure or a rough surface to allow the bone
tissue to grow into the implant material. According
to experimental data, the mechanical response of
the surrounding biological tissues to the applied
load largely depends on the design and physical
and mechanical properties of the interface zone.

This work aims at a numerical investigation of the
effects of low-energy shock wave therapy on the
mechanical behaviour of bone tissues in the area
of dental implants. For this purpose, a numerical
model of the jaw segment in the area of the tooth
with the implant was developed.

2. METHODS AND MODELS
2.1 Method of movable cellular automata

The need to vary the characteristic loading rates
over a wide range and the need to take into
account the fracture of solid-phase components
determined the choice of computer simulation by
the particle method as the main method for
development of the numerical model. Namely, we
used the method of movable cellular automata
(MCA). This is an efficient, discrete method for
modelling the mechanical behaviour of
heterogeneous materials. It has been established
that such methods have demonstrated
themselves extremely well for modelling the
mechanical behaviour of biomaterials and metals
under dynamic loading at micro- and mesoscales
[4-7]. In MCA, the simulated material is
represented as a packing of cellular automata
(discrete elements of the same size) interacting
with neighbours according to certain rules, which
makes it possible to describe its mechanical
behaviour as that of an isotropic elastic-plastic
body within the framework of the particle
approach. The translations and rotations of
automata are governed by the Newton-Euler
equations. The main advantages of this method
are the possibility of explicitly taking into account
a complex hierarchical structure, modelling the
failure of the material, and the possibility of
implicitly taking into account the fluid in the
internal pores and channels. The interstitial fluid
is taken into account by dividing the problem to

be solved into two sub-problems: 1) description
of the mechanical behaviour of the solid matrix;
2) description of the fluid transfer in a porous
solid matrix [6]. The solid matrix contains a
system of interconnected channels and pores,
which are implicitly taken into account. The
description of the influence of the interstitial fluid
on the stress state of the medium is carried out on
the basis of the Biot linear model of poroelasticity.
In addition, the possibilities of the MCA software
allow modelling complex objects with real
geometric parameters.

2.2Model of jaw segment in tooth area at
prosthetics

At the first stage, a simplified numerical model of
the jaw in the region of chewing teeth was built,
which is depicted in Fig. 1. We used a real CAD
solid model only for the implant; it was converted
to STL format, which was then imported into the
pre-processor of the software package that
implements the MCA method (see the central
green part in Fig. 1). All other components of the
model were assumed to be of cylindrical shape
(in Fig. 1,a only a half of their real geometry is
shown in semi-transparent mode).

Vivz=0 :
ecortical
scancellous
*Ni-Cr
*Ti-6Al-4V
*Cu

vx,v,z=0

(a) (b)

Fig. 1. A half of the model of the jaw segment with
an implant shown as a packing of automata with
loading conditions (a) and the model cross-section
with list of materials (b).

In particular, the implant was covered by bone
cement (PMMA), which, in turn, was covered by a
thin layer of fibrous tissue. The main part of the
model was a cylinder of cancellous bone tissue
(shown in blue in Fig. 1) covered by a thin layer
of cortical bone tissue. The upper part of the
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model (shown in red in Fig. 1) mimicked the
crown of the dental prosthesis made of Ni-Cr
alloy, which was rigidly connected to the implant.

To simulate shock wave exposure on the jaw
segment, the applicator was introduced to the
model as a thin, square copper plate measuring
5x5 mm in size and was located in the gum area
(black plate in Fig.1). The velocity V of the
automata of the applicator was changed in time
according to the specified energy flux density
(EFD) of the shock wave (see [7] for the detailed
description of the loading velocity computation).
The upper and bottom layers of the automata
were fixed (their velocities were kept to be zero).

The poroelastic model of biological tissues and
bone cement was characterised by the following
parameters: density of matrix (pm), shear
modulus of matrix (Gm), bulk modulus of matrix
(Km), porosity (¢), and permeability (k). The
properties of biological tissues and bone cement
are presented in Table 1 and correspond to the
data found in the literature [8-11]. The biological
fluid inside the tissues in this model had the
properties of salt water with the bulk modulus K¢
= 2.4 GPa, the density pr= 1000 kg/m3, the
viscosity nr = 1 mPa-s [9].

Table 1. Mechanical properties of biomaterials.

Tissue Pm, Gm, Km, k m2
(material) | kg/m3 | GPa | GPa | ¢ ’

cortical 1850 5.5 14.0 | 0.04 1%'_615
1.0

cancellous 700 3.3 1.32 0.7 10-11
. 1.0

fibrous 800 2.3 1.12 0.8 10-11
PMMA 1000 23 | 1.87 | 0.1 10

. . . 10-12

Table 2. Mechanical properties of the metal parts.

Material p, kg/m3 G, GPa K, GPa
Ni-Cr 8400 76.0 167
Ti-6Al-4V 4500 41.0 100
Copper 8950 41.6 115

The elastic model of the mechanical behaviour of
the Ni-Cr alloy, titanium alloy Ti-6Al-4V, and
copper was characterised by the following
parameters: density (p), shear modulus (G), bulk
modulus (K); their values are presented in
Table 2 and correspond to the data available in
the literature [12-14].
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3. RESULTS

In the works [15,16], it was shown that the
regenerative effect of shock wave therapy on
bone remodelling around the tooth is observed
at an exposure with the energy flux density of
0.1 mJ/mm?2. Therefore, herein, we studied the
low-intensity acoustic effect of the shock wave
with the following values of EFD: 0.025, 0.1, 0.2,
and 0.3 mJ/mmz2.

Hydrostatic Pressure (MPa)

0.5 0.25 0.0 -0.25 -0.5
_EENEREREE

(a) (b) () (d)
Fig. 2. Fields of hydrostatic pressure (MPa) at SW
exposure with different EFD (m]/mm?2): 0.025 (a),
0.1 (b), 0.2 (c), 0.3 (d).

Under shock-wave loading of the model sample,
along the implant in the near-contact area in the
cement layer, tensile stresses with magnitudes in
the range of 0.15 to 0.7 MPa were observed at an
EFD value of 0.025m]/mm?2 (Fig. 2, a). With an
increase in the energy flux density, an increase in
the area of tensile stresses was observed. In the
fibrous layer, tensile stresses with a magnitude of
up to 0.2 MPa were observed. Compressive stresses
ranging from 0.05 to 0.2 MPa were observed in the
bone tissue in the contact area (Fig. 2, b, c).
However, when loading at an EFD value of
0.3 mJ/mm? (Fig. 2, d), in the cancellous tissue near
the contact zone, stresses above 5 MPa were
observed, which, in the case of age-related changes
in the bone tissue of the jaw, can lead to its
resorption. Such a level of tensile stresses promotes
the ingrowth of fibrous tissue into the cement
material, differentiation and growth of
fibrocartilage tissue in the fibrous layer, and the
magnitude of compressive stresses contributes to
the regeneration of bone tissue according to
mechanobiological principles [17-18].
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Analysis of distribution of fluid pressure in pores
(Fig. 3) allowed to reveal that in local areas
around the implant, the necessary level (more
than 30 kPa) was reached to start the processes
of bone tissue regeneration under SW with an
energy flux density of more than 0.025 m]J/mm?2
(Fig. 3, a). However, the optimal level for the
transfer of biological cells was observed at a level
of SW exposure greater than 0.1 mJ/mm?2 (Fig. 3,
b, ¢, d).
Fluid Pressure (MPa)
0.500 0.375 0.250 0.125 0.0

(a) (b) (c) (d)
Fig. 3. Fields of fluid pressure (MPa) at SW exposure
with different EFD (m]/mm?): 0.025 (a), 0.1 (b), 0.2
(c),0.3 (d).

4. CONCLUSION

This paper presents a numerical model of shock
wave exposure from a single source on the jaw
segment with the dental implant. For the first
time, with the help of computer simulations in a
wide range, studies were carried out on the
therapeutic effect of the shock wave exposure on
the jaw segment.

Analysis of the distribution of hydrostatic
pressure and fluid pressure showed that for
tissue regeneration in the near-contact area with
an implant in the case of endoprosthesis
replacement of chewing teeth, it is necessary to
apply shock wave exposure with energy flux
density in the range of 0.025 to 0.2 m]/mm?2.
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