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Abstract A previous bone remodelling model was presented elsewhere [30], and in the present paper, the
same model was tested with new conditions; an interaction between bone tissue, bone substitute material and
a dental implant was considered. The bone substitute material was assumed to be dead tissue, which does not
synthesizes neither absorbs bone tissue, and it was considered, as well, resolvable. A moving border between
the bone substitute material and the bone tissue was studied. The border moved as the newly synthesised
bone tissue took over the bone substitute material. After the numerical calculations of time-steps, the whole
bone substitute material was replaced by normal bone tissue and the implant was fixed in place only by bone
tissue. Dynamical studies of the interaction of bone tissue and implant are used to improved implant design
considering different factors, in this case, the presence of bone substitute material helping to fix the implant.

1 Introduction

Recently, several authors have investigated the osteointegration of dental implants using finite element analysis
[4,7,12,18,19,29,33,37]. Mainly the relevance of osteointegration in the implant’s longevity as well as in the
mechanical stimulation of bone is studied [14,28,33].

Authors mainly considered a static scenario, i.e. an implant is inserted on the bone and loaded in different
forms, or the bone tissue mechanical characteristics were tested, or different implant materials were tried, and
the stress, strains or displacements were investigated [7,9,12,25,29,33,37,37].

It has been widely observed the importance of implant’s design on the osteointegration, implying that
“one implant fits all” is not possible anymore [32,37]. So, more studies on the influence of different param-
eters involved in the mechanics of dental implant are needed, for example, considering implant material as
metamaterials [2,6,15,16,26]

Our study concentrates on the bone’s natural remodelling process and the interaction with the implant in
the case where a bone substitute material is used to improve fixation. Amoving interface between the mandible
and the bone substitute material is considered. The bone substitute material will be absorbed, and bone will
take over and replace it with new bone tissue after some time. The bone substitute material will eventually
disappear, and the bone tissue will finally have a grip on the implant. New mathematical relations will be
established to control the velocity, and the way the interface moves as new bone tissue is built. This kind of
study is very dynamic in the sense of biomechanical effects and not only considers loading the implant but as
well takes into account the stimulus on bone remodelling to overtake the whole bone substitute material. The
stimulus itself was considered dynamic by decaying exponentially not only in distance, but in time as well. In
our formulation, the mechanical inertia effects are neglected.
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The model was tested against X-rays from dental practice elsewhere [30], and it was shown to be consistent
with the actual biomechanical changes in bone’s density in different scenarios. In the present study, the model
is extended to examine the case where a bone substitute material is used to fill the space between the dental
implant and the mandibular bone. That procedure is often used when the quality of the bone is not optimal and
bone’s density is increased artificially to improve the probability of good implant fixation. Often the actual
patient’s bone taken from another site in the mouth, or even body, is used as bone’s substitute material.

2 Materials and Methods

Detail considerations about the mathematical simulation of bone remodelling are given elsewhere [30], and
an alternative version was given in [22,23,27], but a summary formulation is reported in the following.

It is assumed that an osteocyte feels a density of strain stimulus and produce a signalling Ex defined as:

Ex =
∫ t

0

∫
�

� (Ws(ξ, τ )) R(ξ, x)X (ξ, τ )�(t, τ )dξdτ (1)

where the following notation was introduced:
ξ describes the position of the osteocyte, i.e. the point where the signalling is produced; x describes the

position of the osteoclast or the osteoblast, i.e. the point where the signalling is received; � is the stimulus
which depends on the density of strain energy and time; R is the distance fromwhere the signalling is produced;
X describes the bone’s tissue mass density or bone’s quality at the point ξ where the signalling is produced and
� describes how signalling decays with time, in our case we considered to be exponential. As well, signalling
was considered to decay exponentially with the distance from the point where is produced. For a given point,
at a given time, the signalling could be written as:

Ex,t =
∫ t

0

∫
�

� (Ws(ξ, τ )) e−‖x−ξ‖ρ (ξ, τ ) e−(t−τ)dξdτ (2)

where ρ denotes tissue mass density.
Biomechanical processes were assumed quasistatic. Therefore, the linear static elastic equations usedwere:

equilibrium equation:
σ j i, j + Fi = 0 (3)

Linear strain tensor:

εi j = 1

2
(u j,i + ui, j ) (4)

General stress-strain tensor of material parameters, Ci jkl , was considered to depends on tissue mass density:

σi j = Ci jklεkl (5)

As a finite number of osteoblast and osteoclast work on the bone, either building or absorbing tissue, an
upper and a lower limits for the bone’s density were defined. An equilibrium state with a particular density of
strain energy associated was assumed to exist in which the bone absorbed is equal to the bone produced. It was
considered that the osteocyte emits a signalling ordering an action according to the strain felt, this signalling
decayed exponentially to the distance from the osteocyte. Moreover, the signalling produced at any moment
decays not only in space but also in time, which means that all past states are considered to determine the actual
value of the signalling and stimulus. Osteoclast and osteoblast were considered to react to the total signalling
emitted by all the osteocytes and either synthesise or absorb bone tissue or stay without action according to
the difference between the biomechanical equilibrium density of strain energy and the actual density of strain
energy at the point where the osteoblast or osteoclast is located.

In the bone substitute material region, no bone is neither absorbed not produced as the biomaterial is
considered dead tissue. However, at the interface between bone tissue and biomaterial, the biomaterial is
absorbed and new bone tissue is produced according to the remodelling rules discussed in the following
paragraphs.

The ratio of change in bone’s density was considered as an optimization of the difference between a
function of the local density of strain energy and the equilibrium density of strain energy. The function of the
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Table 1 Similar values have been reported in the literature [3,8,10,20]

Young’s Modulus (GPa) Density g/cm3 Poisson’s ratio

Bone 11.2 1.8 0.306
Teeth 22.4 3.6g/cm 0.3
Implant 113.8 4.43g/cm 0.342
Biomaterial 11.2 1.8 0.306

local density used was the total stimulus Es . The ratio of change in bone’s density was calculated using the
relationship:

dFa = (Es − W0)/a (6)

Where dFa is the ratio of density change given as percentage and a is a constant that regulated density increment
steps. A similar idea was used previously in the literature [31].

The density of strain energy that maintains the equilibrium between absorption and deposit of bone was
represented by W0, and it was calculated with the following relationship:

W0 = 1

�

∫
�

Ws d� (7)

WhereWs is the average of the density of strain energy. The integral is calculated over the whole mandible
�.W0 was calculated only in the first cycle, and it was maintained constant in calculations throughout the 150
time-steps.

As it was already mentioned, the stimulus does not disappear instantly but decreases with time, i.e. the
stimulus at any timewill contribute to the stimulus of the future time-steps. From equation (2), the total stimulus
Es is calculated by:

Es =
∫ t

0

∫
�

Wsρe
−Re−(t−τ)d�dτ (8)

With the mathematical justification given elsewhere in more detail [1,5,13,21,24,30] using the Prony series,∑N
i=1 αi e

−t
γ to expand the time-dependent factor in 8 with finite memory of four time-steps, and coefficient

of relaxation, γ , equal to 1, the total stimulus could be written as:

Es (t) =
∫

�

Ws0ρ0e
−Rd� +

4∑
i=1

∫
�

αiWsiρi e
−Re−i d� + ε (9)

where αi is a constant. We consider ε to be small enough to be neglected so we keep only the first two
terms, which consider the current stimulus plus the stimulus of previous 4 cycles decaying exponentially. The
contribution of the 5th element was calculated to affect less than 1% of the total value which is small enough
to be neglected.

A lazy zone was considered where stimulus is so low that no remodelling takes place. Considering the lazy
zone limits, the signalling had the following relationship:

δρ =
{

ρFa f or Es > dzp, Es < dzn
0 f or dzn ≤ Es ≤ dzp (10)

very similar to the one used previously in the literature [31], where dzp is the lazy zone upper limit, and the
dzn is the lazy zone lower limit. More details about this relationship are given elsewhere[30].

In numerical finite element simulation, the following relation was assumed between the tissue mass density
and Young’s modulus:

E = bρ2. (11)

where ρ denotes the tissue mass density and E the Young’s modulus. The parameter b was chosen to give the
values collected in Table 1 for a normal bone characteristics.
Themodel’s dimensions andmore details concerning the position of the forces considered and othermechanical
requirements were taken from the model described previously [30]. The considered 2D model is presented in
Figure 2.
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Fig. 1 Initial model before the beginning of the remodelling process

The boundary between the biomaterial and the bone was defined with the used of 150 points with moving
coordinates. For those points, the parameter given in equation 6 was calculated; the negative value indicated
motion of the point away of the implant if it was positive towards the implant. To calculate the displacement,
we used the following relation:

disp = Fd/γ (12)

where disp was the displacement of the point, Fd a parameter proportional to the total stimulus strength at the
border point at a particular time given by equation (9), and γ a parameter to regulate how fast the boundary
moves. The actual displacement vector was normalized, and its direction was calculated as the bisector of the
angle formed with the two points that were beside the point considered; one to the left and one to the right.
Points at the edge of the mandible were considered to move along the mandible border.

After the border displacement was calculated, the new density was calculated using equations (6), (9) and
(10) for those new points located inside the bone’s area. The correspondent Young’s modulus was calculated
using equation (11).

To perform the numerical testing of themodel, themathematical relations were implemented in a FEM soft-
ware, COMSOL Multiphysics�, to solve a set of differential equations. To control the iterations representing
time, MATLAB ver. R2018b was used.

While the mathematical simulations were run at COMSOLMultiphysics�, the Dirichlet boundary condi-
tions were kept. The placement of the static forces over the model and other mechanical characteristic of the
model are giving elsewhere [30].

The following material characteristics were considered for the mathematical simulation:
The Comsol Multiphysics�model was controlled by aMATLAB ver. R2018b script according to the flow

diagram shown in Fig. 1.

3 Results

The initial configuration of the model is shown in Fig. 2. After running the model 50 time-steps, the boundary
changed to a new position:

The bone tissue in the mandible was very close to a biomechanical state of equilibrium at the beginning of
the simulation, and no significant changes in bone density were noticed. The small picture at the right portraits
a magnified region close to the implant to show in more detail the interface between bone tissue and bone
substitute material. After 100 time-steps, the model changed to:

At this stage, the border moved the middle position between the initial configuration and the implant. After
150 time-steps, the model configuration changed to:

At this stage, the whole bone substitute material was absorbed and replaced by healthy normal bone.
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Run the model with initial values

At the first cycle, calculate equilibrium parameters and feed them back to Comsol.

Save data of the new calculated tissue mass density and coordinates of
the border between the bone substitute material and bone tissue.

Input the new tissue mass density and associated material parameters as well as the coordinates
of the new border between bone substitute material and bone tissue as initial values.

Run the model in Comsol.

Chech convergence and stop calculations if changes of the model are negligible.

Fig. 2 Flow chart of the script

Fig. 3 Model after 50 time-steps, the bone in other regions of the mandible is in equilibrium

4 Discussion

Finite element method has been used to examine interactions between bone and dental implants [4,7,12,17,29,
33,37]. Some authors concentrated on the prosthesis design [9,29]. Others focused on the stress distribution
in the bone after the implant [4,11]. The distribution of stress on the implant was also tested [33], and the
interaction between bone and implant was as well studied [7,37].

In the present paper, the relationship between bone tissue, bone substitute material and an implant was
investigated. The border between the bone substitute material and bone tissue was considered dynamic in the
sense that bone tissue, due to a stimulus to grow, takes over the bone substitute material. In our investigation,
the bone effectively advances over the bone substitute material and fix the implant in place.

This examination of the bone tissue, bone substitute material and implant complements our previously
presented model and proves finite element method and mathematical modelling as a strong tool to study
complex and dynamic cases of bone remodelling in the presence of an implant and a bone substitute material.
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Fig. 4 Model after 100 time-steps, the bone is already taking over the bone substitute material

Fig. 5 Model after 150 time-steps, the bone took over the bone substitute material completely

As noted previously by some authors, the future design of implant should consider actual conditions of
patient’s bone to improve osteointegration [32,37]. More investigation is needed on the influence of several
mechanical parameters of the implant design on osteointegration in the presence of bone tissue weakened by
disease, i.e. osteoporosis, osteoarthritis, etc [15,34–36].

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use,
sharing, adaptation, 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

1. Emek Abali, B., Cheng-Chieh, W., Wolfgang, H.M.: An energy-based method to determine material constants in nonlinear
rheology with applications. Contin Mech Thermodyn 28(5), 1221–1246 (2016)

2. Alibert, Jean-Jacques, Seppecher, Pierre, Dell-Isola, Francesco: Truss modular beams with deformation energy depending
on higher displacement gradients. Mathe Mech 8(1), 51–73 (2003)

3. Anusavice, K.J.: Mechanical properties of dental materials. Phillip’s Sci Dental Mater 457, 493 (1996)

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


Finite memory model of bone healing... 997

4. Azcarate-Velázquez, F., Castillo-Oyagüe, R., Oliveros-López, L.-G., Torres-Lagares, D., Martínez-González, Á.-J., Pérez-
Velasco, A., Lynch, C.D., Gutiérrez-Pérez, J.-L., Serrera-Figallo, M.-Á.:Influence of bone quality on the mechanical inter-
action between implant and bone: A finite element analysis. J. Dentistry 88, 103161 (2019)

5. Barchiesi, Emilio, Eugster, Simon R., Dell-isola, Francesco, Hild, François: Large in-plane elastic deformations of bi-
pantographic fabrics: asymptotic homogenization and experimental validation. Math Mech Solids 25(3), 739–767 (2020)

6. Barchiesi, Emilio, Spagnuolo, Mario, Placidi, Luca: Mechanical metamaterials: a state of the art. Math Mech Solids 24(1),
212–234 (2019)

7. Bicudo, P., Reis, J., Deus, A.M., Reis, L., Vaz, M.F.: Mechanical behaviour of dental implants. Procedia Struct Integr 1,
26–33 (2016)

8. Bozkaya, Dincer, Muftu, Sinan, Muftu, Ali: Evaluation of load transfer characteristics of five different implants in compact
bone at different load levels by finite elements analysis. J Prosthet Dent 92(6), 523–530 (2004)

9. Chang, Chih-Ling, Chen, Chen-Sheng, Huang, Chang-Hung, Hsu, Ming-Lun: Finite element analysis of the dental implant
using a topology optimization method. Med Eng Phys 34(7), 999–1008 (2012)

10. Chou, Hsuan-Yu., Müftü, Sinan, Bozkaya, Dinçer: Combined effects of implant insertion depth and alveolar bone quality on
periimplant bone strain induced by a wide-diameter, short implant and a narrow-diameter, long implant. J Prosthet Dentistry
104(5), 293–300 (2010)

11. Cicciù, Marco, Cervino, Gabriele, Milone, Dario, Risitano, Giacomo: Fem investigation of the stress distribution over
mandibular bone due to screwed overdenture positioned on dental implants. Materials 11(9), 1512 (2018)

12. Costa, D.C., Belinha, J., Natal Jorge, R.M.: Biomechanical simulation of a dental implant using finite element method
analysis. In: IEEE 6th Portuguese Meeting on Bioengineering (ENBENG), IEEE, pp. 1–4 (2019)

13. DeAngelo,M., Barchiesi, E., Giorgio, I., Emek, B.E.: Numerical identification of constitutive parameters in reduced-order bi-
dimensional models for pantographic structures: application to out-of-plane buckling. Arch. Appl. Mech. 89(7), 1333–1358
(2019)

14. Della Corte, A., Giorgio, I., Scerrato, D.: A review of recent developments in mathematical modeling of bone remodeling.
Proc Inst Mech Eng, Part H: J Eng Med 234(3), 273–281 (2020)

15. Dell-Isola, Francesco, Andreaus, Ugo, Placidi, Luca: At the origins and in the vanguard of peridynamics, non-local and
higher-gradient continuum mechanics: an underestimated and still topical contribution of gabrio piola. Math Mech Solids
20(8), 887–928 (2015)

16. Dell-Isola, Francesco, Seppecher, Pierre, Alibert, Jean Jacques, Lekszycki, Tomasz, Grygoruk, Roman, Pawlikowski, Marek,
Steigmann, David, Giorgio, Ivan, Andreaus, Ugo, Turco, Emilio, et al.: Pantographic metamaterials: an example of mathe-
matically driven design and of its technological challenges. Contin Mech Thermodyn 31(4), 851–884 (2019)

17. Dissaux,Caroline,Wagner,Delphine,George,Daniel, Spingarn, Camille, Rémond,Yves:Mechanical impairment on alveolar
bone graft: a literature review. J Cranio-Maxillo-Facial Surg: Off Publ Eur Assoc Cranio-Maxillo-Facial Surg 47(1), 149–157
(2019)

18. Eremeyev, V.A., Skrzat, A., Stachowicz, F.: Linear micropolar elasticity analysis of stresses in bones under static loads.
Strength Mater 49(4), 575–585 (2017)

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

20. Faegh, Samira, Müftü, Sinan: Load transfer along the bone-dental implant interface. J Biomech 43(9), 1761–1770 (2010)
21. Fedele, Roberto, Raka, Bumedijen, Hild, François, Roux, Stéphane: Identification of adhesive properties in glare assemblies

using digital image correlation. J Mech Phys Solids 57(7), 1003–1016 (2009)
22. George, Daniel, Allena, Rachele, Bourzac, Céline, Pallu, Stéphane, Bensidhoum, Morad, Portier, Hugues, Rémond, Yves: A

new comprehensive approach for bone remodeling under medium and high mechanical load based on cellular activity. Math
Mech Complex Syst 8(4), 287–306 (2020)

23. George, Daniel, Allena, Rachele, Remond, Yves: A multiphysics stimulus for continuummechanics bone remodeling. Math
Mech Complex Syst 6(4), 307–319 (2018)

24. Giorgio, I., Harrison, P., Dell’Isola, F., Alsayednoor, J., Turco, E.: Wrinkling in engineering fabrics: a comparison between
two different comprehensive modelling approaches. Proc Royal Soc A: Math, Phys Eng Sci 474(2216), 20180063 (2018)

25. Giorgio, Ivan, Andreaus, Ugo, Scerrato, Daria, Braidotti, Piero: Modeling of a non-local stimulus for bone remodeling
process under cyclic load: application to a dental implant using a bioresorbable porous material. Math Mech Solids 22(9),
1790–1805 (2017)

26. Giorgio, Ivan, Ciallella, Alessandro, Scerrato, Daria: A study about the impact of the topological arrangement of fibers on
fiber-reinforced composites: some guidelines aiming at the development of new ultra-stiff and ultra-soft metamaterials. Int
J Solids Struct 203, 73–83 (2020)

27. Giorgio, Ivan, Dell-Isola, Francesco, Andreaus, Ugo, Alzahrani, Faris, Hayat, Tasawar, Lekszycki, Tomasz: Onmechanically
driven biological stimulus for bone remodeling as a diffusive phenomenon. Biomech Model Mechanobiol 18(6), 1639–1663
(2019)

28. Giorgio, I., Spagnuolo, M., Andreaus, U., Scerrato, D., Bersani, A.M.: In-depth gaze at the astonishing mechanical behavior
of bone: A review for designing bio-inspired hierarchical metamaterials. Math. Mech. Solids (2020). https://doi.org/10.
11772/F1081286520978516

29. Gonçalves, O.D., Egito, M., Castro, C., Groisman, S., Basílio, M., da Penha Jr, N.L.: About the elemental analysis of dental
implants. Radiat Phys Chem 154, 53–57 (2019)

30. Hernandez-Rodriguez, Y., Lekszycki, T.: Novel description of bone remodelling including finite memory effect, stimulation
and signalling mechanisms. Continuum Mech. Thermodyn. (2020). https://doi.org/10.1007/s00161-020-00882-4

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

32. Kohn, D.H., Ko, C.C., Hollister, S.J.: Localized stress analysis of dental implants using homogenization theory. ASME Adv.
Bioeng. 22, 607–610 (1992)

https://doi.org/10.11772/F1081286520978516
https://doi.org/10.11772/F1081286520978516
https://doi.org/10.1007/s00161-020-00882-4


998 Y. Hernandez-Rodriguez, T. Lekszycki
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