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Abstract

Several finite element models of bone-implant prosthetic derived with geometrical topology and material properties. Most of
them adopted linear isotropic material properties to predict stresses around bone-implant interface. The objective of the present
study is to compare stress distribution around bone-implant interface between two material models. In order to understand the
biomechanical stress behavior at bone-implant interface, four different implant models were selected for the study. Mandibular
bone section material models for isotropic and orthotropic material is defined with the contact between bone and implant surface
to predict the von Mises stresses in the cancellous and cortical bone under the influence of vertical load of 100 N (coronal-apical),
lateral load of 40 N (mesial-distal), and oblique load of 100 N at 45° to the axis of implant on crown surface. A nonlinear Abaqus
CAE code is used to predict stresses distribution comparison between two material models.

The current study compares the result of stress in cancellous and cortical bone with isotropic and orthotropic material models.
The stress distribution along the interface was presented for vertical, lateral, and oblique loading of selected implant models.
Finite element (FE) numerical simulation result shows that the orthotropic material model is more acceptable than the isotropic
material model to predict stress along bone-implant interface.

Keywords Bone-implant interface - Isotropic - Orthotropic - Stress analysis

1 Introduction of implant [3, 4]. Whenever precise properties are insig-
nificant, simpler models can be used for research [5].

Dental implant system is extensively used in place of = Simplified isotropic material models cannot determine

missing or damaged natural tooth in the field of dentistry.
Finite element analysis (FEA) is one of the most common
and useful numerical method that provides precise stress
distribution field around bone-implant interface [1, 2]. It
is primarily used to predict the mechanical behavior of
dental implant and the factors that influence the behavior
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stress accurately. It provides general insight into the bio-
mechanics of implants under applied load conditions [6].
Thus, FEA has been proved as a useful tool in various
mechanobiological interdisciplinary studies.

Modern study in dentistry has improved the under-
standing of implants and specifically dental reconstruction
[7, 8]. Branemark defined osseointegration as integration
of titanium implant with bone tissues when placed in the
jaw bone [9, 10]. The osseointegration is the structural
and functional integration between bone and implant sur-
face [11]. The integration provides a binding mechanism
that incorporates a component of a foreign material when
placed inside the human body [12].

The use of FEA in the field of biomechanics has
changed since it was first introduced. Increasing efforts
are being made to replicate the actual bone materials
[13]. During mastication, the human jaw mandible is sub-
jected to different forces [14]. Determination of stress-
strain induced in bone is barely governed through
in vivo study. However, validation using numerical
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Fig. 1 3D FE mesh model of
commercial implant system.
Model A, Nobel implant; Model
B, Ankylos implant; Model C,
Biohorizon implant; Model D,
Xive implant

Model A

simulation depends on number of other factors [15]. FE
model should be simulated to the real bone structure in
consideration. Simplified FE geometry, simplified materi-
al properties, and inappropriate boundary conditions lead
to unrealistic FEA results [16, 17].

Most of the earlier studies assume linear isotropic material
properties for simplicity in FE model. But recently, the bone
material is considered as more of an orthotropic material than
an isotropic material and such orthotropic material property is
now being considered in recent studies [18]. Therefore, it is
necessary to know the significance of material models on
stress distribution along bone-implant interface in numerical
simulation [19]. In present study, stress analysis of four differ-
ent titanium dental implants is compared considering isotropic
material and orthotropic material properties.

Crown
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Screw

Cortical bone-
implant interface
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implant interface
(fine mesh)
Cancellous bone
(Corse mesh)

Cortical bone
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2 Methodology
2.1 Model Generation

A computer tomography (CT) scan data provide appropriate
topology of the bone under consideration depending on the
bone and the surrounding tissues [19, 20]. Hounsfield unit is a
quantitative scale which provides precise density of the bone.
Replication of a bone structure highly depends on the quality
of the CT scan. In several approaches, the correlation of bone
stiffness and attenuation is used. Further, the DICOM-files
comprising of the sectional slices attained from the CT scanner
are imported into an editing software, namely, AMIRA.
AMIRA’s image segmentation editor consists of several tools
for marking/labelling the bony structures in the CT-scans. Post
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Fig. 2 Half cut-section of FE model. a FE mesh model of implant prosthetic with bone. b Enlarge view of mesh refinement at implant-bone interface. ¢

Loading and boundary condition applied on the surface of crown
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Table 1 Material properties used

for isotropic model Material constant Implant, abutment, screw Crown Cortical bone Cancellous bone
E (MPa) 110,000 70,000 22,800 1148
I 0.35 0.19 0.3 0.3

labelling, a three- dimensional replica of bone structure with
triangulated faces is automatically generated. [21]. There is a
linear relationship between CT number and Hounsfield unit
(HU) with reference to bone material properties. [22].
Moreover, Hounsfield scale has a linearity with apparent den-
sity of bone [23]. Using different modeling techniques, several
FEA models have been introduced with topology and material
properties derived from CT data [24-26].

The stereo-lithographic (STL) format of the geometric pro-
totype of mandibular jawbone can be generally obtained from
the CT scan. The geometrical model in STL format can be
converted into a three-dimensional surface model using com-
mercially available software. [16] Such software allows auto-
matic generation of outer surface of jaw bone. Based on previ-
ous literature, a simplified jaw bone model positioned below
the right lower first molar having dimensions 10 x 20 x 30 mm
was build. This segment after converting into a geometrical
model was separated according to the cortical and cancellous
bone properties. Thickness of the cortical bone was considered
to be 2 mm and is assumed to be constant throughout.
Furthermore, a 3D CAD model of four commercially used
dental implants (as shown in Fig. 1) having dimensions of
3.5 mm diameter and 15.0 mm length is then inserted into
generated segment of the jaw bone. The cut section of finite
element model of the implant prosthetics is shown in Fig. 2a.

2.2 Mesh Generation

In this study, all four implant model are meshed using
tetrahedral elements. FE mesh model generation using
hexahedral elements gives maximum accuracy in minimal
computational time especially in contact problems. Some
of its disadvantages are the impediments of generating
these elements which are very intricate and time-
consuming [21]. Most of the literature states that linear

Dllll D1122 D1133 0 O 0
D221 1 D2222 D2233 0 O O
D3311 D3322 D3333 0 0 0

0 0 0 Dy, 0 0

0 0 0 0 Dy, O

0 0 0 0 0 D,y

Fig. 3 D matrix consisting of elastic stiffness parameters
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hexahedral element gives similar accuracy to that of qua-
dratic tetrahedral elements. Consequently, implant pros-
thetic (implant, abutment, screw) with cancellous and cor-
tical bone are meshed with a quadratic tetrahedral solid
element (C3D10) [27]; however, the crown is modeled
using shell element (S3R and S4R). The average element
size of 0.05 mm is defined to provide an adequate accu-
racy by mesh convergence test [28]. The bone-implant
interface with fine mesh is used to improve the accuracy
in FE simulation as shown in Fig. 2b. The generated as-
sembly is then transferred to Abaqus CAE code
(ABAQUS V6.10-1) [29]. Abaqus CAE code is a numer-
ical computer-aided engineering simulation software—
based finite element method (FEM) which provides solu-
tion to linear and nonlinear problems.

3 Isotropic and Orthotropic Models
3.1 Modeling of Bone

Two most commonly used materials for modeling of cortical
and cancellous bone are isotropic and orthotropic. Due to ex-
tensive inhomogeneity, an isotropic modeling is really an in-
appropriate approximation to the real behavior of the bone.
Thus, it should be modeled as an orthotropic material which
will give a more realistic behavior.

Table 2 Material properties used for orthotropic model

Material properties Cancellous bone Cortical bone

E, 210 12,700
Elastic moduli E, 1148 17,900
(MPa) E; 1148 22,300
G 68 5000
Shear moduli Gi3 68 5500
(MPa) G 434 7400
2 0.055 0.18
Poisson’s ratio 121 0.105 0.35
113 0.055 0.31
1431 0.093 0.49
123 0.322 0.28
132 0.325 0.31
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Table 3 Values of different material stiffhess parameters

Material stiffness parameter (MPa)  Cancellous bone  Cortical bone

Dy 213.49 18,487.3
Dyax 1296.83 24,158.2
Ds333 1295.97 34,096.5
Dy 32.18 9920.63
D33 30.31 12,321.7
D33 426.39 10,560.1
Dia12 68 5000
Dy313 68 5500
D>353 434 7400

3.1.1 Isotropic Model

Isotropic materials have identical material properties in all
directions and can therefore be easily defined. Several litera-
tures provide a range of isotropic material properties of a can-
cellous and cortical bone. Thus, values of elastic properties of
implant prosthetic and jaw bone [16, 17] have been summa-
rized in the Table 1.

3.1.2 Orthotropic Model

Two material models which had same boundary conditions
but different material properties were used. Using FEA ap-
proach, the isotropic material model was established which
consist of assigning material properties, prominent bound-
ary conditions and then solving the FE model with numer-
ical simulation. Some of the researchers accepted bone an-
isotropy is a complex orthotropy [17]. Orthotropic material
model was established by assigning material properties in
an arbitrary direction and then solving for three different
loading conditions in order to define the final direction of

von Mises Stress (MPa)

3.68
[ 3.28
288

—247
—207
—167

127
0.87
0.47
0.07

axes of orthotropy. With these direction defined and applied
to each element, a final solution was obtained [30]. Local
orientation of the orthotropic material models along the
bone anatomy is based on direction of principal stresses
formed by masticatory forces and distinct boundary condi-
tions. The properties are aligned with highest principal
stresses in orthotropic material model. However,
orthotropic material orientation rival closely the bone struc-
ture, experimental validation of mechanical behavior needs
to be implemented.

Orthotropic materials have different material properties in
mutually perpendicular directions. Linear elasticity in
orthotropic materials can be defined by D matrix consisting
of 9 independent elastic stiffness parameters [31], as shown in
Fig. 3 where D115 = D211, D1133 = D3311, and Dan3z = D33on.

Elastic stiffness parameters for an orthotropic model were
calculated using Egs. 1-10. These equations are the functions
of elastic moduli, shear moduli, and Poisson’s ratio [16, 17]
the values of which are summarized in Table 2. The calculated
elastic stiffness parameters are summarized in Table 3.

Din = Ey (1-pgy X pizy) T (1)
Doy = Ep (1= X pi3y) T (2)
D3y = E3 (1=pup X pipy) Y (3)
Diioa = Ey (Mg1=pt31 X fin3) ¥ (4)
D3y = Ey (31— pay X p132) Y (5)
D3z = Ep (psp—pian X p131) Y (6)
Dip1 = Gz (7)

von Mises Stress (MPa)
4.09

[3.64
3.19

—2.74
/229
—184

1.39
0.94
0.49
0.04

Fig. 4 FEA von Mises plot of Model A (vertical load): a Isotropic material model. b Orthotropic material model
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von Mises Stress (MPa)

20.82
[ 18.52
16.22
—13.92
—1161

—931
—7.01

von Mises Stress (MPa)

26.41
E 23.48
20.55

—17.62
—14.69
—11.75
—882

4.71
241
0.11

Y

X

sz

5.89
2.96
0.03

<z b

material models. The stress distribution pattern for all four
models is found to be similar with respect to material models

a
Fig. 5 FEA von Mises plot of Model B (oblique load): a Isotropic material model. b Orthotropic material model
Dizi3 = Gi3 (8)
Dozzz = Go3 9)

Y = 1/(1=(p1z X par)=(pa3 X pr32)= (131 X pa3)=(2p21 X W3z X fiy3)) (10)

4 Load and Boundary Conditions

Three loading condition were simulated in the present study to
find the stress distribution along bone-implant interface. All
four implant were modeled with a vertical load (coronal-
apical) of 100 N, lateral load (mesial-distal) of 40 N and
oblique load 100 N at 45° to the axis of implant on crown
surface. [28, 32]. The bottom nodes of cortical bone are
constrained with zero degree of freedom. The oblique load
resolved into its vertical and lateral component is applied on
crown surface as shown in the Fig. 2c.

5 FE Results

Figures 4, 5, 6, and 7 depict the von Mises stress results of

cancellous and cortical bone for both isotropic and orthotropic
Fig. 6 FEA von Mises plot of ¥on Missa Sthsspiea)
Model C (vertical load): a E&og
Isotropic material model. b 7.06

Orthotropic material model _:-1;

—420

3.25
230
135
0.39
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used. For Model A with isotropic material properties, the von
Mises stress in cancellous bone is 11.14% lesser (which is
least value in all four models) than the orthotropic material
properties (Fig. 4a, b. For Model B with isotropic material
properties, the von Mises stress in cancellous bone is
48.49% more (which is the maximum value in all four implant
models) than the orthotropic material properties (Fig. Sa, b).

Similarly, for Model C with isotropic material properties,
the von Mises stress in cortical bone is 15.94% lesser (which
is the least value in all four model) than the orthotropic mate-
rial properties (Fig. 6a, b). For Model D with isotropic mate-
rial properties, the von Mises stress in cortical bone is 16%
more(which is the maximum value in all four models) than the
orthotropic material properties (Fig. 7a, b).

Bone adaption and bone growth variation shows prominent
effect on stress and strain relationship. Biomechanical behav-
ior of bone subjected to masticatory force notably differs be-
tween the types of bone modeling. The von Mises stress in
bone density—dependent orthotropy model is higher in com-
parison with other model [16]. With few exceptions,
orthotropic material model stress result shows maximum
von Mises stress at a point of interest is consider instead of
principle stress.

von Mises Stress (MPa)

10.40
I:Q.26
=8.13
—6.99
—5.86

—472
359
l

245
[1.32
0.18




BioNanoSci. (2019) 9:652-659

657

von Mises Stress (MPa)

193.46
E172.11
150.76

—129.42
—108.07
—86.72

65.37
44.03
2268
133

Fig. 7 FEA von Mises plot of
Model D (oblique load): a
Isotropic material model. b
Orthotropic material model

a

Comparison between the isotropic and orthotropic material
model results are presented in Figs. 8, 9, and 10. For vertical
load, the orthotropic material properties show higher value of
von Mises stress for all types of model used. Model A and
Model C show close agreement for both material models
whereas Model B and Model D show higher stresses in lateral
loading condition. Model A, C, and D also show maximum
value of stresses in orthotropic material model except Model
B in oblique loading.

6 Discussion

A human bone is of great physiological importance to sup-
port the implant for better osseointegration, which depends
on biomechanical behavior of bone. The mandibular bone
behaves as anisotropic material. However, the different ma-
terial model affects the stresses at bone-implant interface
[21]. Numerical simulation results using both isotropic
and orthotropic material models depend on similarity of
each of these models to the real jaw bone material proper-
ties. It is well known that the jaw bone exhibits orthotropic
material properties; still, most of the researchers adopted
simplified isotropic material models. Human jaw bone be-
havior can be modeled as orthotropic or anisotropic material
property depending on apparent density [16]. In the present
work, comparative isotropic and orthotropic material
models under three specific loading conditions are used to

16 4 BIsotropic B Orthotropic

—_—
S N BN

von Mises Stress (MPa)

»

Model D

S N A O

Model A Model B Model C
Fig. 8 FEA and experimental stress intensity comparison under 100 N

occlusal load

von Mises Stress (MPa)

224.49
E 199.61
17472

—149.83
/12495
—100.06

75.17
i_50.29

[25.40
0.51

b

predict stresses at the bone-implant interface. Previous lit-
eratures showed the stresses at bone-implant interface may
vary depending on different material models. The
orthotropic material model closely resembles the human
bone properties and greatly improves biomechanical behav-
ior which improve accuracy in numerical simulation.
Recently, Xi Ding et al. investigated the influence of
orthotropic material in completely dentate mandible and
subsequently on resultant stresses. Based on orthotropic
material properties of cancellous and cortical bone, FE
model is generated. The von Mises stress in bone density—
dependent orthotropy model is higher in comparison with
other model [16]. The increase in von Mises Stresses is seen
in orthotropic material models as compared to isotropic ma-
terial models, similar to the result of Xi Ding et al. [17].
Bone adaption and bone growth variation shows prominent
effect on stress and strain relationship. Biomechanical be-
havior of bone subjected to masticatory force notably differs
between the types of bone modeling. Based on previous
literature, the von Mises stress criteria is used to compare
stress in cancellous and cortical bone with two material
model of interest.

Recent works on drug delivery and gene manifestation
demonstrated the need for cell growth formation/
modification [33, 34]. Microchambers composed of polylactic
acid (PLA) array thin film coating is used to encapsulate small
hydrophilic cargo in less than 1 h [35, 36]. Biocompatible and
biodegradable PLA thin film composite are mostly

20 o
1 BIsotropic B Orthotropic

—_ —
o W

W

von Mises Stress (MPa)

>
>

Model A Model B Model C Model D
Fig. 9 FEA and experimental stress intensity comparison under 40 N

Lateral load
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von Mises Stress (MPa)
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Fig. 10 FEA and experimental stress intensity comparison under oblique
load of 100 N at 45°

appropriate coating materials to prevent implant related infec-
tion [37]. Titanium implant with different biomaterial base
surface coating is used to improve healing time [37].
Hydroxyapatite (HA) biocomposite—coated implants were
used in part with limited success, and have shown a phenom-
enon called bio-integration. Recently, many studies are trying
drug-coated implants which accelerate the bone formation lead-
ing to further osseointegration, resulting in better acceptability
by patients. The results from this study demonstrated implica-
tion of orthotropic material model without considering the im-
plant coating effects on stress distribution. A future, more de-
tailed study should consider the implant-coating effects on
stress distribution due to variation in bone remodeling process.

FE numerical simulation shows the maximum von
Mises stress at the top region of cancellous bone for ap-
plied lateral and oblique loading condition, independent
of the type of material model used. The stress distribution
pattern along the bone-implant interface in isotropic and
orthotropic material models shows similar to that of
Franci Gac¢nik et al. [16]. The maximum von Mises
Stress in the cortical bone is also much higher when pre-
dicted by orthotropic material model as compared to iso-
tropic material model. For vertical load, the average per-
centage (all four model) increase in von Mises Stresses of
cancellous and cortical bone in orthotropic material prop-
erty is 29.79% and 25.11% respectively. Similarly, for
oblique loading, the average percentage increase in von
Mises Stress of cancellous and cortical bone in
orthotropic material model is up to 1.69% and 6.5% re-
spectively. Thus, it was noticed that the orthotropic mate-
rial model had a more profound effect on the cancellous
bone in vertical loading, whereas it had a more profound
effect on cortical bone in case of oblique loading. This
indicates that the predicted von Mises stresses in isotropic
material models are comparatively lower than orthotropic
material model which is expected in reality. In FE numer-
ical simulation, the orthotropic material model is more
acceptable than the isotropic material model to predict
stress along bone-implant interface.

@ Springer

7 Conclusions

FE numerical simulation result shows that the orthotropic ma-
terial model is more acceptable than the isotropic material
model to predict stress along bone-implant interface. In com-
parison with isotropic material models, orthotropic material
model exhibits an accurate stress distribution in human man-
dibular bone. The used elastic parameter orthotropic material
model of a human mandibular bone can be recommended for
further research in dental implant stress analysis as it provides
realistic approach in numerical simulation.
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