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A B S T R A C T

Objective: To discuss the state of the art of Finite Element (FE) modeling in implant dentistry, to highlight the 
principal features and the current limitations, and giving recommendations to pave the way for future studies.
Methods: The articles’ search was performed through PubMed, Web of Science, Scopus, Science Direct, and 
Google Scholar using specific keywords. The articles were selected based on the inclusion and exclusion criteria, 
after title, abstract and full-text evaluation. A total of 147 studies were included in this review.
Results: To date, the FE analysis of the bone-dental implant system has been investigated by analyzing several 
types of implants; modeling only a portion of bone considered as isotropic material, despite its anisotropic 
behavior; assuming in most cases complete osseointegration; considering compressive or oblique forces acting on 
the implant; neglecting muscle forces and the bone remodeling process. Finally, there is no standardized ap
proach for FE modeling in the dentistry field.
Significance: FE modeling is an effective computational tool to investigate the long-term stability of implants. 
The ultimate aim is to transfer such technology into clinical practice to help dentists in the diagnostic and 
therapeutic phases. To do this, future research should deeply investigate the loading influence on the bone- 
implant complex at a microscale level. This is a key factor still not adequately studied. Thus, a multiscale model 
could be useful, allowing to account for this information through multiple length scales. It could help to obtain 
information about the relationship among implant design, distribution of bone stress, and bone growth. Finally, 
the adoption of a standardized approach will be necessary, in order to make FE modeling highly predictive of the 
implant’s long-term stability.

1. Introduction

1.1. Background

The finite element (FE) method is a numerical technique that is used 
to analyze and simulate physical phenomena. It is commonly used in 
product design to reduce the need for physical prototypes and experi
ments and to optimize components in order to create better products 
more efficiently and cost-effectively. The FE method relies on mathe
matical models to understand and quantify various physical phe
nomena, including structural and fluid behavior, mechanical stress, 
thermal transport, wave propagation, and the growth of biological cells 
[1]. The FE method has become an increasingly useful tool due to 
technological development and also has great growth prospects for the 
future: the Global Simulation & Analysis Software Market size was 

estimated at USD 18.25 billion in 2022, and is projected to grow at a 
compound annual growth rate of 14.92% to reach USD 36.68 billion by 
2027.

In the medical field, the FE method is particularly useful for 
studying complex biomechanical systems that are difficult to study in- 
vivo or in-vitro. It can be used to predict the mechanical response of 
tissues under different stimulation conditions, both in healthy and pa
thological states, and to assess the structural changes [2–4]. Moreover, 
the FE method has been also extensively used during medical device 
design, allowing for the investigation of function and possible compli
cations of novel devices [5].

Over the years a large amount of research has been carried out on 
the application of the FE method in dentistry [6]. Most of the research 
has been focused on examining the implant mechanical behavior during 
functional loads with the aim to assess the stress and strain fields in 
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implant components and bone at a macroscale level [7,8]. However, 
mechanical loading induces adaptive changes at a microscale level af
fecting bone homeostasis and remodeling. These changes significantly 
impact the shape of the stress and strain fields at the bone-implant 
interface [9–11]. Capturing these effects through numerical modeling 
may open a new wave of multidisciplinary approaches aiming to un
derstand and control biointegration and improve the long-term survival 
of dental implants.

1.2. Aim

This review aims to provide a comprehensive overview of the FE 
method application in implant dentistry. All the main aspects are dis
cussed, with the intent to give recommendations to overcome the cur
rent limitations. Finally, an examination of future perspectives is pro
vided.

1.3. Literature search

The electronic search was conducted through Pubmed, Web of 
Science, Scopus, Science Direct, and Google Scholar. The aim was to 
investigate the mechanical response of bone-dental implant systems. 
The following keywords have been used: “dental implant”, “finite ele
ment analysis”, “finite element modeling”, “bone-dental implant in
terface”, “osseointegration”, and “bone remodeling”. Inclusion criteria 
were full papers (in-silico, in-vitro and in-vivo studies and any kind of 
review) and conference proceedings published in English within the last 
twenty years that are focused on FE analysis and bone properties. 
Exclusion criteria were no dental application and publication in a lan
guage other than English. The articles were selected based on their title 
and abstract, and then the full text was evaluated to identify studies 
that passed the inclusion and exclusion criteria. A total of 147 studies 
were included in this review.

1.4. Outline

The review is organized in the following way. Section 2 furnishes a 
critical and detailed overview of the FE modeling and analysis to study 
the mechanical behavior of dental implants. In detail, all aspects in
volved in FE modeling and analysis are examined and in particular: 
geometry (Section 2.1), computational discretization (Section 2.2), con
stitutive behavior (Section 2.3), bone remodeling (Section 2.3), bone- 
implant interface (Section 2.5), and loading and boundary conditions 

(Section 2.6). In addition, an overview of the main FE outcomes is pro
vided in Section 2.7. In Section 3, the current knowledge about the in
fluence of load on dental implants’ stability and bone response is pro
vided. The way this key factor could be further interpreted to bring the 
FE analysis to the “next step” is discussed. Finally, suggestions to over
come the current limitations in the FE modeling are given in Section 4.

2. FE modeling and analysis of dental implant-bone systems

In the following, the main steps of FE modeling and analysis of 
dental implant-bone systems are investigated in detail, with the aim to 
furnish a comprehensive overview of the main aspects and the principal 
outcomes. It is also discussed which questions are still open.

For a better understanding, the anatomical and geometric ter
minologies used in the following are reported in Figs. 1 and 2. In par
ticular, Fig. 1(a) shows a portion of a right mandible from which the 
bone segment reported in Fig. 1(b) has been extracted. The mesial, 
distal, vestibular, and lingual directions are reported in Fig. 1. Fig. 2
shows the dental implant with its parts. In general, a dental implant for 
the rehabilitation of a single tooth consists of the body implant (the 
fixture, that is inserted into the bone), the abutment, the connection 
between the fixture and the abutment, and the prosthetic crown 
(Fig. 2(a)). The anatomy of the connection varies. Its anti-rotational 
device geometry can be hexagonal, octagonal, trilobate, or others. The 
connection can be screw-retained, conometric, or cemented. Depending 
on the materials selected for fabrication, the crown can be either 
monolithic or it is composed of a framework and an external super
structure (for example metal-ceramic crowns). The dental crown can be 
cemented on the abutment, or it can be directly connected to the fixture 
with a passing screw. In the latter, the crown has a hole on its surface 
allowing access to the passing screw. Fig. 2(b) shows the implant in
serted into the bone segment.

2.1. Geometry

The first step to generate a FE model is the geometry representation. 
In the following, bone and implant geometries are analyzed in detail.

2.1.1. Bone geometry
The reconstructed bone geometry can be classified as simplified 

geometry and image-based geometry.
In the context of a simplified geometry, bone has been modeled as a 

two-dimensional (2D) or three-dimensional (3D) object with different 

Fig. 1. (a) A right mandible is shown with the specification of mesial (M), distal (D), vestibular (V) and lingual (L) directions. (b) Bone segment extracted from a right 
mandible with the specification of mesial (M), distal (D), vestibular (V) and lingual (L) directions. The bone segment is composed of an inner portion that corresponds 
to the trabecular bone (dark grey) and an external portion that represents the cortical layer (light grey).
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shapes as shown in Table 1[12–15–18–21–24–27–30–33–36–39].
Even if a simplified shape has been used, the geometry accounts for 

cortical and trabecular parts. In general, a core of trabecular bone is 
located in the inner portion and it is surrounded by a cortical shell with 
a thickness that ranges from 0.5 mm to 3 mm. In the context of ac
counting for cortical and trabecular bone, in some studies, different 
bone qualities have been investigated based on the classification of 
Lekholm & Zarb [40], which is widely adopted in implant dentistry. 
This is a qualitative classification, and defines four bone types (D1, D2, 
D3, and D4) based on the relationship between cortical and trabecular 
bones. D1 is characterized by a homogeneous compact bone, whereas 
D2 is composed of a thick layer of compact bone surrounding a core of 
dense trabecular bone. D3 refers to a thin layer of cortical bone sur
rounding dense trabecular bone, and D4 corresponds to a thin layer of 
cortical bone surrounding a core of low-density trabecular bone. Based 
on the type of bone to investigate, different values of cortical thickness 
are used in the geometry, as reported in Table 1.

Instead of reconstructing a simplified geometry, due to the development 
of digital imaging techniques, in some works, the geometry has been derived 
from diagnostic image data such as Computed Tomography (CT), allowing a 
more realistic reconstruction [41–44–47–50–53–56–59–62,63,64].

Both in the case of a simplified geometry and a geometry re
constructed from CT images, bone is modeled as a continuum material, 
disregarding the trabecular network. However bone failure and adap
tation processes are phenomena that occur at the level of individual 
trabecula. As such, considering the detailed trabecular architecture has 
been demonstrated to be a key factor to assess stress and strain at the 
bone-implant interface, thus evaluating the implant stability and its 
success [65,66]. The organization of the trabecular network can be 
derived from micro-CT images that allow the generation of FE models 
that account for the fine organization of trabecular bone. Marcian et al. 
[67,68] used micro-CT-derived FE models to assess the micro-strain and 
displacement induced by loaded dental implants at different stages of 
osseointegration considering different implant geometries. They de
monstrated that strain distribution is highly dependent on the archi
tecture of trabecular bone and showed that partial osseointegration is a 

potential risk of implant longevity. The importance of considering the 
complex trabecular architecture in FE models was also demonstrated in 
[69–71], showing that the omission of such an aspect can significantly 
affect simulations of bone-implant performances. Even if micro-CT 
images offer the possibility to obtain complex computational models of 
trabecular bone, in view of the application of FE models in clinical 
routine micro-CT scanning cannot be carried out on living patients due 
to high-dose radiation exposure. As such, combining the diagnostic 
images acquired with clinical settings with deblurring algorithms 
[72,73] that reduce the partial volume artifacts of clinical images and 
restore the intensity data could help to detect the trabecular archi
tecture to include in the FE models and thus be a solution to the 
aforementioned problem. This needs to be deeply investigated in den
tistry and may provide new insight into the complex bone strain dis
tribution pattern, that to date has been left underestimated.

2.1.2. Implant geometry
The dental implant geometry is in general derived from 3D com

puter-aided design data that can be provided by the manufacturers. 
Table 2 furnishes an overview of the dental implants that have been 
analyzed in the works reported in the literature. The manufacturer, 
name of the implant, its parts, and geometric characteristics are re
ported. As shown in Table 2, different types of implants from different 
manufacturers and characterized by different geometric features have 
been investigated, demonstrating a wide variability. Moreover, dental 
implants are not homogeneous in terms of components that char
acterize each implant. Implant geometry is an important factor in 
evaluating stress and strain at the bone-implant interface. In fact, when 
the surrounding bone is subjected to remodeling, the geometric char
acteristics may influence implant performance, intensifying the bone 
loss [69]. From Table 2, it can be observed that the type of connection 
between the abutment and body implant is another important factor to 
be considered for investigating the mechanical response. It affects the 
force transmission mechanism at the body implant-abutment and bone- 
implant interface [74]. It has been reported that the taper-integrated 
screwed-in connection leads to a great amount of bone resorption due 
to large overload [74].

The implant geometry plays an important role in influencing peri- 
implant bone response. Moreover, it is essential to design patient-specific 
and site-specific dental implants. The goal should be to make them 
compatible with the conditions of the patient’s bone to create a bio
mechanical environment that will aid osseointegration at the bone-im
plant interface. As such, it is essential to address further research toward 
developing numerical modeling that accounting for patient-specific bone 
conditions can help in designing personalized and site-specific dental 
implants. In this context, 3D additive manufacturing can be considered 
useful for manufacturing patient-specific and site-specific implants en
abling relatively easy fabrication of complex implants at low costs.

2.2. Computational discretization

The subsequent step in generating the FE model is the computa
tional discretization of bone and dental implants, namely the mesh 
generation. For bone and dental implants, hexahedral elements 
[14,20,26] and linear or quadratic tetrahedral elements 
[17,23,24,25,27,28,35,38,42,50,54,56,64,75–78–81–84,85] have been 
employed. In most cases, tetrahedral elements are used. This is related 
to their capacity to better fit complex geometries [86]. In general, the 
choice of element type (linear or quadratic) and thus shape function is 
problem dependent. Quadratic elements admit a parabolic displace
ment field over each element enabling stress and strain to vary linearly 
over each element and thus allowing to better capture stress and strain 
gradients within the single element. Conversely, individual linear ele
ments exhibit a constant value of strain and stress. Moreover, quadratic 
elements are able to capture more accurately geometric curvature al
lowing a better representation of the geometry. However, higher order 

Fig. 2. (a) The main parts of a dental implant are shown: a. body implant; b. 
passing screw; c. abutment; d. crown. (b) The dental implant inserted into a 
bone segment.
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Table 1 
Main characteristics of simplified geometries used for bone. NR: not reported; COR: cortical bone; TRAB: trabecular bone; h: height; l: length in mesiodistal 
direction; w: width in buccolingual direction; D1, D2, D3 and D4 refer to the Lekholm & Zarb [40] classification that defines four bone types based on the 
relationship between cortical and trabecular bones. 

Reference Bone geometry Characteristics

Chun et al.[13] 2D rectangle only COR
20(h) × 16(l) mm2

Huang et al.[14] 3D block only COR for D1;
10 × 10 × 15 mm3 COR of 1.2–1.6 mm in thickness for D2

dense TRAB in the inner portion;
COR of 0.6–0.8 mm in thickness for D3

dense TRAB in the inner portion;
COR of 0.6–0.8 mm in thickness for D4

loose TRAB in the inner part
Mellal et al.[15] 3D block COR of 1 mm in thickness

20(h) × 10(w) × 30(l) mm3 TRAB in the inner portion
Lin et al.[17] 3D block COR of 1.5 mm in thickness

24(h) × 12(w) × 15(l) mm3 TRAB in the inner portion
Kitagawa et al.[18] 3D block COR and TRAB modeled

COR thicknesses: 1.0 mm mandibular superior border,
24.5(h) × 12.5(w) × 10(l) mm3 2.5 mm buccal border, 2.0 mm lingual border,

3.0 mm mandibular inferior border
Sevimay et al.[19] 3D block COR and TRAB modeled

24.2(h) mm, 16.3(w) mm D1, D2, D3 and D4 bone types modeled
Heckmann et al.[20] 3D block COR and TRAB modeled,

thickness values of COR NR
Akca et al.[21] 3D cylinder COR of 1 mm in thickness

(13 mm height) TRAB with 12 mm height
Kurniawan et al.[22] 3D block COR of 2, 1 and 1 mm

for D2, D3 and D4 bone types, respectively;
TRAB in the inner portion with a density
high for D2 and D3 bone types, and low for D4 bone

Tian et al.[23] 3D block COR of 1.5 mm in thickness
20(h) × 9(w) × 20(l) mm3 TRAB in the inner portion

Chang et al.[24] 3D cuboid COR of 2 mm in thickness for D2 bone type
20(h) × 10(w) × 10(l) mm3 dense TRAB in the inner portion;

COR of 1 mm in thickness for D4 bone type
loose TRAB in the inner portion

Wu et al.[25] 3D block COR of 3 mm in thickness
43.5(h) × 30(w) × 41(l) mm3 in the upper part of the 3D block

TRAB below the layer of COR
Ueda et al.[26] 3D block COR of six different thickness values

(range 0.5–2 mm)
TRAB in the inner portion

Poovarodom et al.[27] 3D block COR of 2 mm in thickness
12.5(h) × 7.6(w) × 10(l) mm3 TRAB in the inner portion

Ozturk et al.[28] 3D block COR of 1.5 mm in thickness
20(h) × 20(w) × 20(l) mm3 TRAB in the inner portion

Dhatrak et al.[29] 3D block COR of 2 mm in thickness
30(h) × 10(w) × 20(l) mm3 TRAB in the inner portion

Shash et al.[30] 3D block COR of 2 mm in thickness
20(h) × 15(w) × 15(l) mm3 TRAB in the inner portion

Oliveira et al.[31] 3D block COR of three different thickness values
(0.5, 1 and 2 mm)
TRAB in the inner portion
with a density at two levels (high and low)

Badalia et al.[32] 3D shape COR of 1.5 mm in thickness
TRAB in the inner portion

Wu et al.[33] 3D block COR of 2 mm in thickness
25(h) × 12(w) × 10(l) mm3 TRAB in the inner portion

Paracchini et al.[34] 3D block COR of 2 mm in thickness
17 mm (h) and 12 mm (w) TRAB in the inner portion

Nokar et al.[35] 3D block COR of 2 mm in thickness
25(h) × 23(l) TRAB in the inner portion

Dhatrak et al.[36] 3D block COR and TRAB modeled
thickness value of COR NR

Barbosa et al.[37] 3D block COR of 1 mm in thickness
TRAB in the inner portion

Alemayehu et al.[38] 3D block COR and TRAB modeled
thickness value of COR NR

Milone et al.[39] 3D block COR and TRAB modeled
thickness value of COR NR
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elements increase the computational requirements of the model due to 
the increase of nodes and thus of degrees of freedom. When the interest 
is obtaining accurate stress/strain distribution quadratic elements may 
be the best choice even if a large number of linear elements may allow 
resolving high stress gradient at lower computational costs leading to 
accurate results. In modeling contact or crack initiation and propaga
tion, linear elements avoid problems seen with quadratic shape func
tions (e.g. convergence problems, volumetric locking).

The accuracy of FE results depends on the number of elements and 
nodes. It is well known that a high number of elements leads to more 
accurate results, but with a high computational cost. As such, to es
tablish the mesh elements’ size and thus the number of elements needed 
to ensure that the FE results are accurate and not affected by changing 
the mesh size, convergence studies are performed. In these kinds of 
studies, the size of the mesh elements is varied until a certain output 
parameter converges to a certain value. i.e. adding more elements has 
little effect on the output parameter but a significant effect on com
putational time. As such, convergence studies are fundamental to 
finding a good compromise between the accuracy of the solution and 
the computational cost.

2.3. Constitutive behavior

The mechanical behavior of a material is described through con
stitutive models. These models depend on a different number of para
meters based on the complexity of the model. It is well known that the 
most simple constitutive model is isotropic linear-elastic. In this case, 
the constitutive behavior is represented by the following equation 

= : , (1) 

where σ is the second–order Cauchy stress tensor, is the fourth–order 
elasticity tensor, characterized by minor and major symmetries and 
positive definite, and ϵ is the second–order infinitesimal strain tensor. 
The symmetry of reduces the number of independent material con
stants to 21. In the case of isotropic material, that is characterized by 
physical properties that are identical in all directions, the independent 
material constants of are reduced to 2: Young’s modulus E and 
Poisson’s coefficient ν. While for the implant assuming an isotropic 
constitutive behavior is reasonable, for bone it could be not appro
priate. In fact, bone is characterized by a certain degree of anisotropy, 
and thus assuming a more simplified constitutive model may sig
nificantly affect the FE results in terms of the stress distribution along 
the bone-implant interface.

In the following, the constitutive models for bone and implant with 
the values of the model parameters are discussed in detail.

2.3.1. Bone
The mechanical behavior of bone is complex due to its anisotropic 

nature and specific characteristics that are both subject and site-spe
cific. As shown in Table 3, most FE studies adopted a simplification and 
have modeled cortical and trabecular bone as linearly elastic isotropic 
homogeneous materials. In that case, only two material constants must 
be used to fully define the material behavior, i.e. E and ν. Analyzing 
Table 3, when an isotropic homogeneous behavior is considered, the 
cortical bone Young’s modulus ranged from 9.6 GPa to 22.8 GPa and 
that of cancellous bone ranged from 0.210 GPa to 1.37 GPa. Moreover, 
Poisson’s ratio ranged from 0.18 to 0.457 in cortical bone and from 0.05 
to 0.322 in trabecular bone.

To better represent the bone’s mechanical behavior, some authors 
have considered an orthotropic material model (Table 3) that is char
acterized by having different properties in three perpendicular direc
tions. Dhatrak et al. [29] performed a numerical study in which com
pared stress distribution around the bone-implant interface between 
isotropic and orthotropic material models for bone analyzing four dif
ferent implants under three different loading conditions (vertical, lat
eral, and oblique loads). They showed an increase in von Mises stresses 

in orthotropic material models as compared to isotropic material 
models, concluding that the orthotropic model is more acceptable than 
the isotropic material model to predict stress along bone-implant in
terface. However, such a conclusion needs to be verified by combined 
numerical/experimental studies to validate it. The effect of considering 
orthotropic material properties was also investigated by Taheri et al. 
[87]. In their study, they used and compared two kinds of material 
models (i.e., isotropic and orthotropic models) for cortical and trabe
cular bones, concluding that by applying isotropic material model a 
significant part of bone stress and displacement was neglected. These 
neglected parts may play a crucial role in further implant design.

Another aspect to be highlighted in terms of material properties is 
related to the assumption of homogeneity of material distribution 
within the bone which may be not appropriate. It is well known that 
bone is characterized by a heterogeneous density field and thus het
erogeneous Young’s modulus distribution [86] and the heterogeneity 
can be modeled according to images (CT or micro-CT). In this context, 
Gacnik et al. [48] developed spatial and bone density-dependent iso
tropic and orthotropic material models of the human mandibular bone 
where the bone density variation has been directly determined from CT 
images and compared the performance of these models to the corre
sponding homogeneous models. They showed that the von Mises 
equivalent stress distribution values in the bone density-dependent 
orthotropic model were higher in comparison to other models and they 
concluded that the spatial and bone density-dependent orthotropic 
model may be more appropriate, as the bone’s anisotropy is accounted 
for through the bone density. Marcian et al. [71] using micro-CT images 
and assuming an isotropic and linear elastic model compared different 
scenarios of bone material behavior (homogeneous and inhomogeneous 
Young’s modulus distributions in bone). For the homogeneous model, 
they considered two different cases in which two values of E have been 
used, i.e. E = 15 GPa and E = 5 GPa. For the inhomogeneous case, they 
adopted four different models: 

• Shefelbine’s model 

= <
×E PGI

PGI PGI
0.050 17000
13.636( 2.21 10 3.30) 170004 (2) 

• Keller’s model 

= <
×E PGI

PGI PGI
0.050 17000
10.5( 2.21 10 3.30) 170004 2.29 (3) 

• Snyder’s model 

= <
×E PGI

PGI PGI
0.050 17000
3.891( 2.21 10 3.30) 170004 2.39 (4) 

• Inagawa’s model 

= <
×E PGI

PGI PGI
0.050 17000
17.486( 2.21 10 3.30) 170004 1.596 (5) 

where E is expressed in GPa and PGI is the pixel gray intensity obtained 
from images. They demonstrated that the type of bone material re
presentation significantly affects the stresses in the screw. Differences in 
stresses within implants might have consequences on the prediction of 
implant life. Hussein et al. [63] investigated the effect of different 
material assignments. In detail, the authors compared FE models 
characterized by heterogeneous E distribution with a homogeneous FE 
model. They showed different results between the different material 
assignments, highlighting a dependence of the results by implants’ 
locations.
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2.3.2. Implant
For dental implants, the constitutive behavior has been assumed to 

be homogeneous, isotropic, and linearly elastic. Table 4 shows the 
different materials used for the various components of dental implants 
with the values of Young’s modulus E and Poisson’s ratio ν. Most of the 
works examined the abutment screw-retained implant system. The 
abutment, body implant, and screw have been considered made of ti
tanium and its alloys, with Young’s modulus that ranges between 
102 GPa and 136 GPa. Titanium exhibits well-documented mechanical 
properties and biocompatibility. However, the main issue with titanium 
is its gray color which can cause aesthetic problems. As such, other 
materials have been proposed for body implants such as zirconia [47]. 

The abutment is in general made of titanium or zirconia even if in some 
cases different materials have been used, such as in the study performed 
by Alemayehu et al. [38] in which the abutment is made of gold.

2.4. Bone remodeling

The bone tissue can be regarded as a self-optimizing structure that 
adapts to load conditions. In fact, bone is continuously subjected to 
remodeling processes (i.e., resorption and formation processes) during 
which bone changes geometric and material features to adapt to applied 
load [88]. As such, there is a direct control of load on bone remodeling 
[89]. In particular, loading is a key factor of collagen fiber orientation. 

Table 3 
Constitutive behavior and material parameters for bone (E is reported in GPa). IH: isotropic homogeneous; OH: orthotropic homogeneous; TIH: transversely isotropic 
homogeneous; D1, D2, D3 and D4 refer to the Lekholm & Zarb [40] classification that defines four bone types based on the relationship between cortical and trabecular 
bones; NP: not present; x: radial direction (direction of the cortical bone thickness); y: tangential (circumferential) direction; z: longitudinal direction. For the 
orthotropic model, if it is not specified, it is assumed that νxy = νyx, νxz = νzx, νyz = νzy. 

Reference Constitutive behavior Cortical bone material parameters Trabecular bone material parameters

Mellal et al.[15] IH E = 15, ν = 0.3 E = 1, ν = 0.3
Kitagawa et al.[18] IH E = 13.7, ν = 0.3 E = 1.37, ν = 0.3
Sevimay et al.[19] IH E = 13.7, ν = 0.3 Dense E = 1.37, ν = 0.3

Low-density E = 1.10, ν = 0.3
Tian et al.[23] IH E = 13.7, ν = 0.3 E = 1.37, ν = 0.3
Wu et al.[25] IH E = 16.7, ν = 0.3 E = 0.759, ν = 0.3
Paracchini et al.[34] IH E = 14.7, ν = 0.3 E = 1.47, ν = 0.3
Nokar et al.[35] IH E = 14.8, ν = 0.3 E = 1.85, ν = 0.3
Baggi et al.[43] IH E = 13.7, ν = 0.3 Maxillary bone E = 0.5, ν = 0.3

Mandibular bone E = 1, ν = 0.3
Ding et al.[45] IH E = 13.7, ν = 0.3 E = 1.37, ν = 0.3
Vairo et al.[46] IH D2E = 13.7, ν = 0.3 D2E = 0.5, ν = 0.3
Gacnik et al.[48] IH E = 13.7, ν = 0.3 E = 1.37, ν = 0.3

OH Ex = 10.630, Ey = 12.510, Ez = 19.750 Ex = 0.210, Ey = 1.148, Ez = 1.148
νxy = 0.313, νyz = 0.226, νxz = 0.246 νxy = 0.055, νyz = 0.322, νxz = 0.055
νyx = 0.368, νzy = 0.357, νzx = 0.457

Oswal et al.[52] IH E = 13.7, ν = 0.3 E = 1.37, ν = 0.3
Verri et al.[53] IH E = 13.7, ν = 0.3 E = 1.37, ν = 0.3
Kim et al.[57] IH E = 13, ν = 0.3 E = 0.69, ν = 0.3
Kim et al.[58] IH E = 13, ν = 0.3 E = 0.69, ν = 0.3
Aslam et al.[59] OH cortical bone Ex = 12.6, Ey = 12.6, Ez = 19.4 Ex = 1.15, Ey = 0.2106, Ez = 1.15

TIH trabecular bone νxy = 0.3, νyz = 0.253, νxz = 0.253 νxy = 0.055, νyz = 0.01, νxz = 0.322
νyx = 0.3, νzy = 0.39, νzx = 0.39 νyx = 0.01, νzy = 0.055, νzx = 0.322

Lee et al.[61] IH E = 13, ν = 0.3 E = 1.3, ν = 0.3
Jafariandehkordi et al.[62] IH E = 13.7, ν = 0.3 E = 0.24, ν = 0.3
Park et al.[64] IH E = 13.7, ν = 0.3 D3E = 1.3, ν = 0.3

D4E = 1.10, ν = 0.3
Linetskiy et al.[80] IH D1E = 13.7, ν = 0.3 NP (only cortical bone)

D2E = 13.7, ν = 0.3 D2E = 1.0, ν = 0.3
D3E = 13.7, ν = 0.3 D3E = 1.0, ν = 0.3
D4E = 1.0, ν = 0.3 D4E = 0.2, ν = 0.3

Cinel et al.[82] IH E = 13.7, ν = 0.3 E = 1.37, ν = 0.3
Pirmoradian et al.[84] IH E = 13.7, ν = 0.3 E = 1.37, ν = 0.3
Losada et al.[85] IH E = 13.4, ν = 0.31 E = 1.37, ν = 0.31
Wang et al.[96] OH Ex = 10.8, Ey = 13.3, Ez = 19.4 Ex = 3, Ey = 1, Ez = 0.2

νxy = 0.309, νyz = 0.224, νxz = 0.249 νxy = 0.3, νyz = 0.3, νxz = 0.3
νyx = 0.381, νzy = 0.328, νzx = 0.445

Ciucciu et al.[101] OH Ex = 9.6, Ey = 9.6, Ez = 17.8 Ex = 0.144, Ey = 0.099, Ez = 0.344
νxy = 0.55, νyz = 0.3, νxz = 0.3 νxy = 0.23, νyz = 0.11, νxz = 0.13

Brizuela-Velasco et al.[103] IH D2E = 15, ν = 0.3 D2E = 1, ν = 0.25
Bahrami et al.[108] IH E = 14.5, ν = 0.323 E = 1.37, ν = 0.3
Cicciu et al.[110] OH Ex = 9.6, Ey = 9.6, Ez = 17.8 Ex = 0.144, Ey = 0.099, Ez = 0.344

νxy = 0.55, νyz = 0.3, νxz = 0.3 νxy = 0.23, νyz = 0.11, νxz = 0.13
Koca et al.[114] IH E = 13.4, ν = 0.3 E = 1.37, ν = 0.3
Ding et al.[117] OH Ex = 12.7, Ey = 17.9, Ez = 22.8 Ex = 0.511, Ey = 0.114, Ez = 0.907

νxy = 0.18, νyz = 0.28, νxz = 0.31 νxy = 0.22, νyz = 0.30, νxz = 0.31
Ausiello et al.[123] IH E = 13.7, ν = 0.3 E = 0.5, ν = 0.3
Liu et al.[127] IH E = 13.4, ν = 0.3 E = 1.37, ν = 0.3
Premnath et al.[128] IH E = 14.8, ν = 0.3 D1E = 9.5, ν = 0.3

D2E = 5.5, ν = 0.3
D3E = 1.6, ν = 0.3
D4E = 0.69, ν = 0.3

Ding et al.[129] OH Ex = 12.7, Ey = 17.9, Ez = 22.8 Ex = 0.511, Ey = 0.114, Ez = 0.907
νxy = 0.18, νyz = 0.28, νxz = 0.31 νxy = 0.22, νyz = 0.30, νxz = 0.31

Khened et al.[130] IH E = 13.7, ν = 0.26 E = 1.37, ν = 0.31
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Such load effect was deeply investigated by Traini et al. [91,92,154]
that through histological evidence demonstrated that loaded dental 
implants change the bone microstructure, resulting in a predominantly 
transversely oriented disposition of collagen fibers. Although the me
chanism with which load affects the activity of bone cells involved in 
remodeling processes it is still not clear, the stress and strain (or strain 
energy density) can usually be considered as the mechanical stimulus 

for bone remodeling. Frost [93] defined that remodeling, modeling, and 
repair determine the structural adaptation of the bone to different de
mands. This happens in the general context of four levels (regions) of 
ascending mechanical stress. The transition from one region to another 
is established by threshold values of microstrain. The activation of each 
adaptive process requires the attainment of a threshold value of mi
crostrain, defined as minimum effective strain (MES). Fig. 3 shows 

Table 4 
Type of material and material parameters for dental implant assuming an isotropic and linear-elastic constitutive behavior. E: Young’s Modulus (GPa); ν: Poisson’s 
Coefficient; NP: not present; NR: not reported; CF: Crown framework; PS: Prosthetic superstructure. 

Reference Abutment material parameters Body implant material parameters Screw material parameters Crown material parameters

Huang et al.[14] Titanium Titanium NP NP
E = 103, ν NR E = 103, ν NR

Lin et al.[17] Titanium Titanium Titanium NP
E = 110, ν = 0.35 E = 110, ν = 0.35 E = 110, ν = 0.35

Kitagawa et al.[18] Titanium Titanium Gold alloy NP
E = 107, ν = 0.33 E = 107, ν = 0.33 E = 91, ν = 0.33

Sevimay et al.[19] Titanium Titanium NP Cobalt-chromium (CF)
E = 110, ν = 0.35 E = 110, ν = 0.35 E = 218, ν = 0.33

Porcelain (PS)
E = 82.8, ν = 0.35

Akca et al.[21] Material NR Material NR NP NP
E = 110, ν = 0.35 E = 110, ν = 0.35

Kurniawan et al.[22] Titanium Titanium NP NP
E = 110, ν = 0.35 E = 110, ν = 0.35

Tian et al.[23] Titanium Titanium NP NP
E = 110, ν = 0.3 E = 110, ν = 0.3

Chang et al.[24] Titanium Titanium Titanium Gold alloy
E = 102, ν = 0.3 E = 102, ν = 0.3 E = 102, ν = 0.3 E = 95, ν = 0.3

Wu et al.[25] Titanium Titanium Titanium NP
E = 104, ν = 0.3 E = 104, ν = 0.3 E = 104, ν = 0.3

Ueda et al.[26] Titanium Titanium NP Gold alloy
E = 110, ν = 0.3 E = 110, ν = 0.3 E = 100, ν = 0.3

Dhatrak et al.[29] Titanium Titanium Titanium Material NR
E = 110, ν = 0.35 E = 110, ν = 0.35 E = 110, ν = 0.35 E = 70, ν = 0.19

Badalia et al.[32] Material NR Material NR NP NP
E = 106, ν = 0.35 E = 106, ν = 0.35

Nokar et al.[35] Ti-6Al-4v Ti-6Al-4v NP Cr-Co alloy (CF)
E = 105, ν = 0.33 E = 105, ν = 0.33 E = 220, ν = 0.30

Feldspathic (PS)
E = 61.2, ν = 0.19

Alemayehu et al.[38] Gold Titanium Titanium Porcelain
E = 136, ν = 0.37 E = 110, ν = 0.34 E = 110, ν = 0.34 E = 68.9, ν = 0.28

Baggi et al. y Titanium Titanium Titanium NP
E = 114, ν = 0.34 E = 114, ν = 0.34 E = 114, ν = 0.34

Fuh et al.[47] NP Titanium or Zirconia NP Porcelain
E = 110, ν = 0.35 for Titanium E = 70, ν = 0.19
E = 210, ν = 0.31 for Zirconia

Gacnik et al.[48] Titanium alloy (Ti-6Al-4 V) Titanium alloy (Ti-6Al-4 V) NP NP
E = 110, ν = 0.33 E = 110, ν = 0.33

Sarfaraz et al.[50] Titanium alloy Titanium alloy Titanium Porcelain
E = 110, ν = 0.33 E = 110, ν = 0.33 E = 110, ν = 0.33 E = 70, ν = 0.19

Oswal et al.[52] Titanium Titanium NP NP
E = 110, ν = 0.3 E = 110, ν = 0.3

Kim et al.[57] Ti-grade 5 Ti-grade 4 Ti-grade 5 Zirconia
E = 114, ν = 0.33 E = 105, ν = 0.34 E = 114, ν = 0.33 E = 205, ν = 0.19

Lee et al.[61] Titanium Titanium Titanium Zirconia
E = 103, ν = 0.33 E = 103, ν = 0.33 E = 103, ν = 0.33 E = 200, ν = 0.31

Park et al.[64] Titanium Titanium Titanium NR
E = 110, ν = 0.34 E = 110, ν = 0.34 E = 110, ν = 0.34 E = 140, ν = 0.28

Marcian et al.[68] NP Titanium NP NP
E = 110, ν = 0.3

de Cos Juez et al.[77] NP Titanium NP NP
E = 110, ν = 0.33

Linetskiy et al.[80] Titanium Titanium NP NP
E = 114, ν = 0.34 E = 114, ν = 0.34

Pirmoradian et al.[84] Titanium Titanium NP Porcelain
E = 110, ν = 0.35 E = 110, ν = 0.35 E = 68.9, ν = 0.28

Losada et al.[85] Titanium Titanium Titanium Porcelain
E = 110, ν = 0.32 E = 110, ν = 0.32 E = 110, ν = 0.32 E = 68.9, ν = 0.19

Bachiri et al.[105] Titanium Titanium NP Feldsphatic porcelain FF
E = 110, ν = 0.3 E = 110, ν = 0.3 E = 82.8, ν = 0.35

Bahrami et al.[108] Titanium Titanium Titanium Porcelain
E = 110, ν = 0.31 E = 110, ν = 0.31 E = 110, ν = 0.31 E = 82.8, ν = 0.33
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these different regions and which phenomenon occurs in each region. In 
particular, the bone resorbs when the strain is in the disuse region or in 
the resorption region, resulting in bone loss. Otherwise, when the strain 
is in the physiological loading or overloading region, bone formation 
occurs, with bone mass preservation or even increase.

Therefore, the bone remodeling response of peri-implant bone is an 
important aspect to be considered in the mechanical analysis of dental 
implants, to obtain more detailed information about the mechanical 
behavior of the bone-implant system and improve the long-term effi
cacy of dental implants. However, few studies have incorporated the 
remodeling processes in the FE models. In general, the remodeling 
process can be mathematically written as 

=d
dt

B M M( ),s sref (6) 

where ρ represents the bone density, t is the time, B is a constant, Ms is 
the mechanical stimulus and Msref is an equilibrium point of the me
chanical stimulus. If the value of Ms is less than Msref , the quantity d

dt
is 

negative inducing a decrease in bone density with time, meaning bone 
resorption. If the value of Ms is greater than Msref , 

d
dt

is positive and bone 
density increases with time, inducing bone formation.

Bone resorption is a major problem in prosthetic implants due to the 
fact that it causes looseness at the bone-implant interface, affecting the 
integrity and stability of the dental implant. While underloading is 
commonly regarded as a reason for bone resorption, overloading at the 
interface has also been suggested as a contributing factor. It is well 
known, that high loads cause continuum damage in the bone [94]. 
However, bone can repair the damage itself to some extent. However, 
when the loading is high, the self-repair mechanism cannot keep pace 
with the increasing damage, and overload resorption occurs. Thus, 
another aspect that numerical models need to account for to evaluate 
the effectiveness of dental implants over the long term, is the re
modeling response at the bone-implant interface. In this context, Li 
et al. [94] proposed a new mathematical model for bone remodeling 
that accounts for potential resorption due to overloading, described by 
the following equation 

=d
dt

B U k D U k , 0 cb

2

(7) 

in which d
dt

represents the change in density, B and D are constants, U

represents the strain energy per unit bone mass and it is the stimulus 
that drives the remodeling, k is the threshold value, and ρcb is the 
maximum density of bone. When the stimulus is small, the first linear 
term dominates giving a negative rate of change in ρ, i.e. underload 
resorption. When the stimulus is large, the second quadratic term be
comes dominant, giving again a negative rate of change in ρ, i.e. 
overload resorption. Li et al. [94], by using this remodeling model and 
thus accounting for overload bone resorption, demonstrated the ability 
of a such model to better predict the mechanical behavior of dental 
implants. Chou et al. [95] implemented a remodeling algorithm to 
explore the effects of implant designs on bone remodeling, demon
strating that remodeling is able to predict non-homogeneous density 
distribution and thus elastic modulus distribution, with the implant 
contour that has some effect on how this is distributed. Wang et al. [96]
assessed the effect of remodeling in alveolar bone before and after 
implantation by implementing a 3D orthotropic bone remodeling al
gorithm in which the strain energy density U was considered the sti
mulus driving the remodeling process and thus the local change of bone 
density (ρ). The remodeling was described by the following equations: 

= <

= < < +

= + + < <

= >

B K K

K K

B K K K

B K K

( (1 ) ) if (1 )

0 if (1 ) (1 )

( (1 ) ) if (1 )

( ) if

d
dt

U
ref

U
ref

d
dt ref

U
ref

d
dt

U
ref ref

U
OL

d
dt OL

U U
OL (8) 

with U is strain energy density per unit bone mass, B is the remodeling 
rate constant, Kref and KOL are the remodeling reference values and δ is 
the bandwidth of the lazy zone. Starting from initial values of ortho
tropic Young’s moduli and Poisson’s ratios reported in Table 3, Wang 
et al. [96] calculated the change in bone density at each time step 
through remodeling equations (Eq. (8)). Then, based on the new density 
value, the orthotropic elastic moduli (E1, E2, and E3 expressed in MPa) 
were updated according to the following equations 

= + +
= +
= +

E
E
E

6382 255( 23930 24000 )
13050 13000
23930 24000

1

2

3 (9)  

=
=
=

E
E
E

2349
1274
194

1
2.15

2
2.12

3 (10) 

where Equations (9) are related to the cortical bone (1.2  <  ρ  <  2.0, 
with ρ expressed in g/cm3), whereas Equations (10) are related to the 
trabecular bone (0.2  <  ρ  <  1.2, with ρ expressed in g/cm3). They 
showed significant differences in the stress, strain, and density dis
tribution between the intact model and implanted model, concluding 
that the inclusion of remodeling is essential to obtain more insight into 
the mechanical response of the bone-dental implant system. Santono
cito et al. [97] developed a bone remodeling algorithm able to predict 
the external and internal bone remodeling processes for bone tissues 
near the implant. The external bone remodeling has been simulated by 
allowing to the points on the external surface of cortical bone to change 
their position during simulation to account for the deposition or re
sorption of bone. Internal remodeling has been simulated through a 
change of density in trabecular and cortical bone and it has been ex
pressed by the following law 

=d
dt

k dr
dt

S ( )r v t (11) 

where dr
dt

is the bone apposition/resorption rate and it is a function of 
tissue stress that is the stimulus that drives the remodeling, ρt is the fully 

Fig. 3. Representative bone response to applied load following the Frost’s 
theory. Region of disuse: bone exposed to low or without load has very low or 
zero deformation and undergoes resorption until reaching a new equilibrium 
between load and strain. Region of physiologic load: the bone exposed to 
physiologic load presents a continuous remodeling with the achievement of 
mass balance between resorption and apposition, with preservation of the bone 
mass. Region of overload: the bone exposed to a load greater than the phy
siologic limit presents a high deformation and gets a mass gain (corticalization) 
until reaching a new balance between load and deformation. Region of fracture: 
the bone exposed to a load greater than the limit of the overload fractures and 
resorbs. y axis: generic bone mass; x axis: microstrain (ϵ).
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mineralized tissue density, kr represents the active bone surface con
stant assumed equal to 0.2 and Sv(ρ) is the bone surface area density, 
defined as the amount of bone surface area in a given bone sample 
divided by the bulk volume (full and empty spaces). For each time step, 
the model was updated considering the new bone geometry due to 
external remodeling, and material properties were also updated due to 
internal remodeling. Santonocito et al. [97] showed the ability of their 
remodeling algorithm to predict the implant performance over time, 
highlighting the importance of such an algorithm for clinicians to 
prevent implant failures and define an adequate implant prosthetic 
rehabilitation for each patient.

2.5. Bone-implant interface

Most FE studies assumed a state of 100% osseointegration at the 
bone-implant interface. This means that cortical and trabecular bone 
are perfectly bonded to the implant and neither sliding nor separation 
in the implant-bone interface is possible [19,21,24,26,30,34,37, 
43,46,48,52,55,59,63,64,67,81,82,98–101–104–107]. However, this 
may not occur in the clinical scenario. Thus, more complex contact and 
its effect on load transferring from implant to bone need to be con
sidered in the model.

To simulate different bonding conditions at the bone-implant in
terface different frictional contact algorithms have been used in FE 
models. Tang et al. [78] defined four zones in contact: implant-bone, 
implant-abutment, implant-screw, and abutment-screw. They set a 
friction coefficient (μ) equal to 0.3 between all the titanium-titanium 
interfaces, 0.65 for the cortical bone-implant interface, and 0.77 for the 
cancellous bone-implant interface. Bahrami et al. [108] investigated the 
effect of surface roughness treatments on the distribution of stresses at 
the bone-implant interface in loaded mandibular implants. They as
sumed a perfect bonded condition between the implant components 
(body implant, abutment, screw, and crown), whereas the coronal part 
of the implant (in contact with cortical bone) was considered as po
lished (μ = 0.4), and the more apical component (in contact with tra
becular bone) was considered either plasma-sprayed or porous-beaded 
(μ = 1). In their study, Wu et al. [25] considered the interface between 
the abutment and body implant characterized by a μ equal to 0.3, and 
the interfaces between body implant and cortical and trabecular bone 
characterized by a μ of 0.4 and 0.8, respectively. A friction coefficient μ 
of 0.3 has been used between bone and body implant in the study 
performed by Ramos et al. [109]. Kim et al. [57,58] considered perfect 
osseointegration for interfaces between cortical and trabecular bone, 
body implant and bone, and abutment and crown. At the interfaces 
between body implant and abutment, and abutment and screw a fric
tion coefficient of 0.5 was used. Cicciú et al. [110] assumed perfect 
osseointegration at bone-implant and bone-bone interfaces and mod
eled the contact between the metal surfaces of the dental implant with a 
μ of 0.3. In the study performed by Wu et al. [33] the body implant- 
abutment, body implant-screw, and abutment-screw interfaces were 
considered in contact with a frictional coefficient of 0.3, whereas fric
tional coefficients of 0.65 and 0.77 were used for cortical and trabe
cular bone, respectively, for the interfaces between the body implant 
and bone. Alemayehu et al.[38] implemented a frictional contact at 
bone-implant interfaces with values of 0.65 between the implant and 
cortical bone, and 0.77 between the implant and cancellous bone. A 
bonded condition assumption has been considered between screw and 
metal framework, cortical and trabecular bone, and occlusal material 
and framework by Losada et al. [85], whereas a friction coefficient of 
0.3 has been set between body implant and trabecular bone, body im
plant and cortical bone, and screw and body implant. A friction contact 
(μ = 0.3) is defined to simulate the bone-implant interface condition in 
the study performed by Dhatrak et al. [36]. Cortical and trabecular 
bone have been modeled as bonded, whereas bone-body implant in
terface was modeled with μ = 0.2 in [97]. Fiorillo et al. [111] modeled 
the bone-implant interface with a frictional contact of 0.15, whereas the 

contact between the cortical bone and the cancellous bone was set as 
bonded.

2.6. Loads and constraints

Loading and constraints adopted in the studies reported in the lit
erature are shown in Table 5. In terms of constraints, the mesial and 
distal surfaces of the bone segments have been in general constrained in 
all degrees of freedom. In terms of loads, most FE studies considered 
static loads simulating not only vertical loads and horizontal forces, but 
also combined loads (e.g., oblique occlusal forces) to simulate more 
realistic conditions and thus obtain a more realistic mechanical re
sponse. However, dental implants are subjected not only to static loads 
but also to dynamic loads [112] that should be considered to analyze 
possible causes of fracture or fatigue failures of the implant. Few FE 
studies investigated the effect of dynamic loads. Kayabasi et al. [76]
showed that dynamic load increased the stress within the implant by as 
much as 10–20% for dental implants with a buttress thread shape. 
Alemayehu et al. [38] compared the static, quasi-static and dynamic 
response of the implant and implanted bone under different thread 
designs and occlusal loading directions. They showed a remarkable 
increase in stress magnitude within the implant and surrounding bone 
in the case of dynamic loading compared to that of quasi-static and 
static loading conditions, concluding the need for dynamic analyses to 
properly understand the performance implications of a certain implant 
design in clinical situations. Geramizadeh et al. [113] showed that 
dynamic load induced greater stress in comparison with static load 
(about 5–10%) in the bone surrounding the implant, suggesting the 
necessity of transient analysis of dental implants.

2.7. FE outcomes

Most of the FE studies focused on evaluating the Von Mises stress 
distribution in the implant and surrounding bone 
[20,23,43,44,48,49,52,83,84,100,101,114–117–120]. These studies 
revealed that the stress field is strongly affected by some factors such as 
implant geometry, connection designs, implant materials, type of 
loading, and nature of the bone-implant interface. In terms of implant 
geometric characteristics, it has emerged that implant diameter, length 
of bone-implant interface, and thread pitch, shape, and depth are fac
tors that play a significant role in the load transfer mechanisms and thus 
resultant stress distribution. It has been reported that increasing the 
implant diameter leads to a reduction in the crestal bone stress 
[45,99,119,121]. The implant diameter is more important than its 
length in improving the stress distribution pattern [45,102]. In their FE 
study, Baggi et al. [43] found that increasing the implant diameter led 
to a decrease in stress values and concentration areas in cortical bone, 
whereas more effective stress distributions for cancellous bone were 
experienced with increasing implant length. FE studies demonstrated 
that the presence of threads ensures a greater contact surface between 
bone and implant, and this results in a better distribution of stress in the 
area around the implant. Karaman et al. [122] through FE analysis 
investigated the effect of changing the micro-groove profile of an im
plant to the stress transfer to surrounding bone demonstrating that 
threads with a square profile are more stable than the V profile. In the 
FE study performed by Ausiello et al. [123], thread width and thickness 
resulted as dominant factors to reduce induced stresses and damage in 
bone. FE studies have also highlighted that the quality and quantity of 
bone have an impact on stress distribution and thus implant failure. The 
D4 bone type characterized by a thin cortical layer and low-density 
trabecular bone furnishes minimal stability to the implant and limited 
bone-implant interface increasing the risk of failure. Anitua et al. [124]
have investigated the effect of two variables (i.e., implant diameter and 
bone quality) on bone stress through FE analysis. They showed that 
regardless of the implant diameter an improvement in bone quality led 
to a reduction in bone stress. However, the effect of reducing bone 
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stresses was more pronounced by increasing the implant diameter.
FE analysis has been also used in the field of topology optimization 

to design new dental implants. Topology optimization aims to generate 
an optimized material distribution for a set of loads and constraints 
using FE analysis. This is performed iteratively to evaluate the perfor
mance of the new design, allowing the removal of redundant material 
while keeping the structural stability and functional characteristics of 
the implant. In this field, Chang et al. [125] applying topology opti
mization found that the volume of a dental implant can be reduced by 
17.9% of the traditional one and the biomechanical performances were 
similar such as the stress of the implant, the stress of the implant-bone 
complex, lower displacements, and greater stiffness than the traditional 
implant. This volume reduction may be advantageous for bone growth 
due to the availability of space. Gupta et al. [126] showed that a re
duction of 32–45% in the dental implant volume is possible with the 
implant still retaining all of its functionality.

3. The effect of load on implant stability: the microscale level as 
the key factor for the evolution of FE modeling and analysis

Modern dentistry cannot prescind from understanding how me
chanical conditions can be controlled to optimize the speed and quality 
of osseointegration around oral implants. To date is known that bone 
has the ability to adapt its mass and structure in response to the load 
entity, frequency, and duration to which it is exposed [134,135]. As it 
was previously stated in Section 2.4 and in Fig. 3, the mechanostatic 
theory states that when a load is applied to the bone, the modeling and 
remodeling stimulus is dependent on strain magnitude, and therefore 
on load entity. The frequency of load can play an equally significant 
role. Bone mass can either be maintained by a relatively small number 
of loading cycles with high strains [136] or by a great number of 
loading cycles with low strains [137]. The entity of load determines the 
number of activated cells, while the level of strain is responsible for the 
strength of osteoblastic activity, i.e. the osteogenic effect of strains in
creases with increasing strain frequency [138,139]. Turner [140] for
mulated the following equation to explain this condition in mathema
tical terms: 

=
=

K f
i

n
i i1 1 (12) 

where the strain stimulus Ψ, with a proportionality constant K1, de
pends on the entity of the strain (ϵ) and loading frequency f. When the 
frequency of load is zero (f=0) the strain stimulus is absent (Ψ = 0) 
[140]. The static load, therefore, does not produce any effect on the 
activation of bone adaptation mechanisms. Histological findings on 
rabbits and FE analysis by Halldin et al. [141,142] showed that the 
increase in bone condensation did not negatively affect the amount of 
primitive bone, even if the strain exceeds the ultimate and yield strain 
of cortical bone, indicating that static bone strains do not affect bone 
resorption. They also stated that the reduction in implant stability 
(measured in removal torque) over time can be caused by a combina
tion of bone stress relaxation, bone resorption, and bone remodeling. 
After an implant is placed, the main reason for the decrease is likely to 
be viscoelastic bone stress relaxation. Resorption and remodeling act 
afterward since it takes time for a condensed bone to become re
vascularized. The bone modeling and remodeling start right after im
plant placement to heal the surgical trauma. The prestressed bone is 
gradually eliminated during remodeling, and the reduction in stability 
is explained by the remodeling of primitive bone before new bone 
formation increases implant stability with osseointegration.

The success of osseointegrated implants largely depends on the 
creation of mechanical interlocking at both the macroscale and micro
scale levels. The FE simulations as well as their validation with experi
mental results rely upon an evaluation on a macroscale level. Only in few 
studies [9,11,141–144], biomechanical simulations were conducted from 
a microscale point of view. When a dental implant is in function, the load 

is transmitted to the bone. Depending on bone support, bone quality, 
implant surface roughness, modulus of elasticity of implant material, 
implant diameter, and wall thickness of the implant, the load generates 
compressive, tensile, and shear forces at the implant-bone interface [11]. 
The effects of these forces need to be investigated at a microscale level, 
namely at the implant inter-thread level, because they can lead to a 
paradigm change in the systematization of factors influencing implant 
osseointegration. In fact, nowadays is mandatory to deepen the research 
at the microscale level in light of the technological development of FE 
software and their calculation power, along with new clinical evidence 
that can be used to program and validate future FE models.

Shear strength must be investigated mainly because of the fretting 
phenomenon. Fretting is a tribocorrosion process that occurs at the 
microscale level. Specifically, it is a wear process that occurs at the 
contact area between two materials under load and is subject to a 
minute relative motion by vibration or some other force [145]. Ac
cording to Perona et al. [146] to define fretting, the implant mobility 
amplitude has to be less than 100 μm. In general, the effects of fretting 
on the implant-bone interface are the combination of the damage 
produced at the tissue level and the biological reaction. The fretting 
damage can be repaired by the living tissue to some extent (i.e., proper 
fretting), leading to cell proliferation, new formation of extracellular 
matrix, and new bone multicellular forming unit. However, when the 
fretting damage exceeds the repair ability of the living tissue, bone 
resorption or implant lose or other negative biological reactions would 
take place (i.e., improper fretting): inhibition of osteoblasts growth, 
increase in fibroblasts growth, activation of the immune system and 
bone resorption [145,147]. The critical micromovement threshold to 
have proper or improper fretting has been set between 50 and 150 μm. 
Possibly, 100 μm may be the threshold level to avoid fibrointregration 
and implant instability [148]. The more the shear strength, the less 
micromovement the implant will undergo. Hansson et al. [11] devel
oped a mathematical model that estimates the bone-implant interfacial 
shear strength when a gap between the implant and bone is permitted 
to arise during shear situations, trying to simulate clinical conditions. A 
rough surface with optimized microgeometry will bring about a sub
stantial increase in the interfacial shear strength. In the future, it will be 
valuable to integrate such a model into FE microscale models [143], 
testing the model in in-vivo conditions, to determine the real weight of 
fretting on the osteointegration process and to be able to predict the 
mechanical interlocking between the implant and supporting bone.

Regarding compressive strength and tensile strength, 2D FE studies 
performed by Hansson et al. [9,144] clearly have demonstrated that the 
implant thread geometry is a paramount element affecting the load 
distribution at the microscale level, and the strain on supporting bone. 
The peak tensile stress in the bone was located outside the top of the 
thread, and the peak compressive stress is placed outside the point 
where the lower flank of the thread passes into the curved top. It is very 
interesting to compare these findings with those from the histological 
study performed by Traini et al. [90,91,149–152,153]. They demon
strated that the thread shape is a factor influencing the amount of 
transverse and longitudinal bone collagen fibers [155]. A major number 
of transverse fibers is located under the lower flank of the thread, and 
longitudinal fibers arrange themselves in the interthread space, instead. 
The fibers’ orientation changes right outside the top of the thread. In 
general, in the bone matrix, transversely oriented collagen fibers better 
resist compressive stresses, while those longitudinally oriented better 
resist shear stresses. In addition, from an in-vivo study, a prevalence of 
transversely oriented collagen fibers has been noted around im
mediately loaded implants and a prevalence of longitudinally oriented 
collagen fibers in unloaded implants [91]. This is a clear indication that 
loading influences the orientation of the bone collagen fibers, con
curring in providing bone mechanical competence. It would be very 
interesting to evaluate with more sophisticated FE analysis together 
with in-vivo evaluation the correlation between load, bone strain, and 
bone collagen orientation. This is true for osseointegrated implants, but 
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it will be even more significant for immediately loaded or early-loaded 
implants. However, as previously stated by Puleo and Nanci [156], a 
better investigation of events at the bone-implant interface is still 
needed for a thorough comprehension of the bone biomechanical re
sponse. As these authors reported, morphological studies have revealed 
the heterogeneity of the bone-implant interface. One feature often re
ported, regardless of implant material, is an afibrillar interfacial zone, 
comparable to cement lines and laminae limitantes at natural bone 
interfaces. This condition should be better examined and eventually 
integrated into FE analysis because it can bring a change in the classical 
biomechanical paradigm, where implant and bone are considered 
“fused” together, without any interposed element. In conclusion, the 
opportunity to simulate and predict the bone response at the microscale 
level could aid the clinician in the diagnostic and follow-up phases: 
there might be the possibility of modulating bone response by varying 
the applied load, considering all other influencing factors being equal.

4. Future perspectives and conclusions

FE modeling represents an improved basis to investigate the me
chanical behavior of dental implant, bone, and their interaction for the 
long-term stability and success of the implant. A lot of research has been 
performed in this direction. However, an in-depth understanding of 
bone-implant interaction, implant-related problems, and the develop
ment of an optimum implant design need further investigation. To do 
this, the following recommendations may be considered. First of all, from 
a geometric point of view instead of considering only a jawbone segment 
surrounding the implant, it may be more appropriate to model the entire 
jawbone for its contribution to the force exerted on the dental implant. 
This could be obtained from diagnostic images such as CT or Magnetic 
Resonance images that allow obtaining not only the patient-specific 
geometry but also the realistic distribution of material properties. In fact, 
instead of considering a homogeneous distribution of bone density and 
thus of E, it could be more indicated to model the bone as a hetero
geneous material in terms of density and thus of E. Moreover, this may 
allow capturing specific conditions of bone related to the age and health 
condition of the patients that may have an influence on the bone-implant 
interaction. A pathological bone in which the bone density is sig
nificantly reduced interacts with the implant in a different way than a 
healthy bone, affecting the implant stability. Another recommendation is 
related to boundary conditions to be adopted in FE analysis. Modeling 
the entire jawbone may allow the incorporation of the muscle forces to 
account for the impact of muscles during the chewing movements that 
may influence the mechanical response of the bone-implant system. 
Modeling the muscle forces may require a detailed description of the 
fibers’ path within the muscles. This information could be obtained by 
Magnetic Resonance Diffusion Tensor Imaging [157] which provides a 
promising approach to deriving fiber arrangements within muscle vo
lumes. Another recommendation is related to the incorporation of bone 
remodeling algorithms that may allow studying the modifications in 
bone geometry and density over time and thus the bone-implant system 
mechanical behavior over time. In particular, bone remodeling algo
rithms should be able to simulate the micromechanical behavior of the 
bone-implant interface and its effects on the mechanical behavior of the 
bone-implant system at the macroscale level, and thus on long-term 
stability. To do this, a multiscale model could be useful, allowing to 
account for the histological arrangement of tissue constituents through 
multiple length scales. The incorporation of such aspect for bone could 
help obtain information about the relation among implant design, dis
tribution of stress applied to the bone, and bone growth. The continuous 
advancement in hardware technology will aid to overcome the current 
computational constraints in developing such sophisticated models. An
other aspect to highlight is related to dental implant design. FE analysis 
combined with topology optimization could help in designing implants 
in which the material is reduced but the implant functionality remains 
unaltered. The material reduction could improve bone growth due to the 

space availability and thus improve implant stability. Finally, in the 
Authors’ opinion to obtain a whole understanding of the failure me
chanisms of implants and the mechanical environment around the im
plants, strains should be investigated and a strain-based criterion should 
be adopted for fracture analysis. Experimental tests on bone samples 
have clearly indicated that bone failure has to be retained as a mainly 
strain-controlled event [158,159].

An important aspect to highlight is that the validation of FE mod
eling of dental implants is rare [8]. However, ensuring that the nu
merical model accurately predicts the physical phenomenon it was 
designed to replicate the physical quantities as strain/stress field is a 
crucial aspect, especially in the view to use the numerical modeling for 
clinical purposes [160]. Moreover, in the context of validation, sensi
tivity analyses should be performed due to the fact that experimental 
measurements may be affected by large uncertainties. As such, sensi
tivity studies are needed to understand the effect of uncertainty on 
model results As such, in the Authors’ opinion future research will need 
clearly address the validation of numerical models of dental implants.

The ultimate aim of FE modeling and analysis is to develop an ef
fective computational tool that could be used by the dentist in clinical 
practice to analyze the mechanical response of the bone-implant system 
and thus investigate the long-term stability to decide the more appro
priate implant for the patient. In this context, machine learning-based 
approaches should be employed to rapidly automate FE model gen
eration and analysis to develop a technology that could be adopted in 
clinical practice. For clinical application, it is necessary that the tech
nology is fast, highly automated, and provides accurate indicators for 
personalized decision-making. In addition, standardization of FE mod
eling related to all aspects involved in the modeling is essential to the 
clinical applicability of FE-based models.
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