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Abstract A three-dimensional Finite Element Method

was used to study the influence of porous coated surface

topography of an implant on stress and strain distribution

pattern in the cortical and cancellous bone during axial and

non-axial loading. Two implants, one with porous surface

topography and one with smooth surface were embedded in

separate geometric models of posterior mandibular region

which was generated using a CT scan data. Material

properties and boundary conditions were applied. Load of

100 and 50 N were applied on to the abutment from axial

and non-axial directions respectively. Porous surface

topography appeared to distribute stress in a more uniform

pattern around the implant with near absence of stress in

the apical region of implant. Smooth surfaced implant

showed high punching stress at the apex of the implant.

The porous coated interface was considered to simulate the

shock absorbing behavior of periodontal ligament of nat-

ural dentition. Maximum amount of stress concentration

was observed in the cortical bone which plays a major role

in the dissipation of the stress.

Keywords Cortical bone � Implant � Porous surface

topography � Smooth surface topography � 3D FEA

Introduction

A new era in oral rehabilitation began with the introduction

of osseointegrated dental implants [1]. The high success

rates and long term follow up of patients treated with os-

seointegrated dental implants for more than 20 years

have interested clinicians and researchers worldwide [2].

Despite the high success rates reported to date, implant

failures do occur. The reasons for failure of implants are

poor oral hygiene, poor bone quality, compromised medi-

cal status of the patient and biomechanical factors.

Various authors have stressed the importance of biome-

chanical factors such as type of loading, the bone–implant

interface, the length and diameter of the implants, the shape

and characteristics of the implant surface, the prosthesis type

and the quantity and quality of the surrounding bone [3].

Inappropriate loading causes excessive stress in the bone

around the implant and may result in bone resorption. The

long-term function of a dental implant system will depend on

the biomechanical interaction between bone and implant

which controls the state of stress in surrounding tissues.

Studies have shown that the close apposition of bone to the

titanium implant is an essential feature that allows trans-

mission of stress from the implant to the bone without any

appreciable relative motion or abrasion [4]. In case of a

smooth surface implant, a strong bond between implant
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surface and bone is not present for satisfactory performance.

However, an implant surface with roughness [5] and porosity

may have a beneficial interlocking effect to achieve osseo-

integration, resulting in favorable stress distribution [4].

Thus in this study surface topography of a root form

implant is chosen as a parameter to understand the effect of

loads on the bone through the implant.

The finite element technique offers the potential of

evaluating and improving implant design without the risk

and expense of implantation.

Therefore, a three-dimensional finite element analysis

method was used to understand the behavior of bone

around the porous rooted dental implant as well as the

mechanism of stress transfer through the interface when it

is loaded under axial and non-axial directions.

Materials and Methods

In this study, a section of mandible of lower first molar

region of a length 25.6 mm (mesio-distally) [6, 7] was

taken from the CT scan and converted into a three

dimensional solid model for analysis purpose using AN-

SYS Pre-processor (ANSYS version 8.0 software) (Fig. 1

3D solid model of the bone segment). A three-dimensional

model of Endopore Implant (Innova corporation, Toronto)

[8–11] with dimensions of 4.1 mm diameter and 12 mm

length with a 1 mm smooth coronal region with a suitable

abutment was generated [12] (Fig. 2 3D solid model of

implant with abutment). The geometry of the implant

design with its surface topography was provided by the

manufacturer (Innova corporation, Toronto). The implant

considered was of truncated root form with a 5� taper [8,

11]. Coronally the 1 mm smooth surface of the implant

coincided with the cortical bone (Fig. 3 Insertion of

implant with respect to the section of bone). Except for the

1 mm smooth coronal region, the rest of the surface of the

implant was occupied by diffusion bonded microsphere

surface (Fig. 4 Model of implant with microspheres) [10].

The implant was assumed to be placed in the region of first

molar of the mandible [13].

Another implant of the same dimensions but with the

smooth surface i.e. without interface properties was also

modeled and placed in similar section of mandible for

comparison. The height and diameter of abutment was also

kept the same. The models were provided in close

approximation to the in vivo geometry.

The section of bone containing implant with smooth

surface was considered as Model 1 and the one with porous

surface topography as Model 2.Fig. 1 3D solid model of the bone segment

Fig. 2 3D solid model of implant with abutment

Fig. 3 Insertion of implant with respect to the section of bone
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Modeling of the Interface

The implant was designed as a solid machined core sur-

rounded by porous coating consisting of two to three layers

of microspheres. These microspheres have an average

diameter of 100 lm, thus giving a porous coating of 300 lm

thickness [9]. The diameter of microsphere was chosen so

that the resulting pore size created a space between two

microspheres, which would be amenable to bone ingrowth

[14]. Since this geometry was impossible to implement due

to smaller grid size used, an analogous set of interface

properties was developed. A row of thin interface elements

was placed between the porous surface of implant and the

bone to provide a means of modeling the interface region

associated with bone in growth (Fig. 5 Model of implant

bone ingrowth bonded interface). According to the studies

done by Cook et al. [15], it was assumed that the bone could

be approximated by small cantilever beams in the porous

section of the implant at the interface. To relate this to the

Finite Element Model, the interface element was assumed to

be a rectangular cantilever beam of uniform dimension

between the implant and the bone.

Mesh Generation

The three-dimensional finite element model corresponding

to the geometric model was meshed using ANSYS Pre-

processor (ANSYS version 8.0 software). The type of

meshing is free meshing because the model is not geo-

metrically symmetric (Fig. 6 3D finite element model with

meshing). The element size (SOLID 187) was selected

according to default settings (Fig. 7 Solid 187 type ele-

ment). The type of element suitable for this particular study

was 10 noded tetrahedron element which was assigned

three degrees of freedom per node, namely translation in

the x, y and z directions. The elements were constructed so

that their size aspect ratio would yield reasonable solution

accuracy.

Specifying Material Properties

For the execution and accurate analysis of the program two

material properties were utilized i.e. Young’s modulus and

Poisson’s ratio.

The cortical bone, cancellous bone and implant with

abutment were presumed to be linearly elastic, homoge-

nous and isotropic [6, 16]. Although cortical bone has

anisotropic [17] material characteristics and possesses

regional stiffness variation, they were modelled isotropi-

cally. The mechanical properties of the interface material

(bone ingrown into porous implant surface) were mathe-

matically calculated, assuming it to be a composite mate-

rial [18].

Fig. 5 Model of implant bone ingrowth bonded interface

Fig. 6 3D finite element model with meshing

Fig. 4 Model of implant with microspheres
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According to the mathematical equation, interface

material is a composite of Young’s modulus of different

materials such as the titanium alloy and bone. The Young’s

modulus of the whole system as composite is calculated

considering an Iso-Strain condition. This condition

assumes a uniform strain on both the implant and bone

portions of the composite. Thus bonding between the

implant and bone remains intact during the application of

stress.

The Young’s modulus of the composite is derived in

terms of the elastic modulus and the volume fraction of the

implant and bone.

The load on the composite is equal to the sum of the

load on the implant and the load on the bone.

Therefore, PC ¼ PI � PB,

where, PC is the load on the composite, PI is the load on

the implant, PB is the load on bone.

We have, r ¼ P
A or P ¼ rA

where, r is the stress, P is the load, A is the area

The final equation is, Ec ¼ EbVb þ EiVi

where, Ec is the Young’s Modulus of composite, Eb is

the Young’s Modulus of bone, Ei is the Young’s Modulus

of implant

The corresponding elastic properties such as Young’s

Modulus ðC�Þ and Poisson’s ratio (d) of cortical bone,

cancellous bone and implant were determined according to

literature survey [17, 19]. (As shown in Table 1).

Applying Boundary Conditions

Constraints were applied on the distal end of the model in

all the three axes [20–22] (Fig. 8a Application of con-

straints (distal surface of the model)) omitting support at

the bottom permitted bending of the model [7, 23]. These

aspects make the model a more realistic representation of

the clinical situation [24].

Application of Loads

The magnitude of applied loads was within physiologic

limits (Fig. 8b Application of load on top surface of the

Fig. 7 Solid 187 type element

Table 1 Mechanical properties of different materials used in the

Model

Material Young’s modulus

(Mpa)

Poisson’s

ratio

Cortical bone [14, 17] 13700 0.30

Cancellous bone [6, 16, 17] 1370 0.30

Implant (Titanium alloy) [20] 110000 0.35

Interface [15] 55750 0.35

Fig. 8 a Application of constraints (distal surface of the model).
b Application of load on top surface of the abutment (parallel dotted
lines)
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abutment (parallel dotted lines)) [25, 26] and direction of

application of the loads simulated the clinical conditions

[27].

An axial load of 100 N was directly applied onto the

abutment [3, 28–30]. The prosthesis was not modeled for

ease of fabrication of model and also for simplification of

interpretation of results.

A non-axial load of 50 N was applied onto the abutment

from buccolingual direction.

A non-axial load of 50 N was applied onto the abutment

from mesiodistal direction.

A total of two models were made and grouped into three

for the ease of analysis. (Table 2).

Finite Element Analysis

These different models were analyzed by Processor i.e.

solver and the results were displayed by Post-Processor of

the Finite Element Software (ANSYS, version 8.0) in

the form of color-coded maps using Von Mises Stress

Analysis.

Results

Stress was calculated using Von Mises criteria, which

represented the distribution of stress in color coded maps.

Dark blue color represents area with minimal stress while

red color represents area with maximum stress. Tables 3, 4,

5, 6, 7 represents Von Mises stress (in MPa) and Von Mises

strain (in microns) generated in different components of the

models.

Cortical Bone

Irrespective of the model and loading condition, maximum

amount of Von Mises stress was found in the cortical bone

concentrated at the area adjacent to the implant abutment

junction. On axial loading, stress values were comparable

between Model 1 and Model 2 (Table 3), while more

uniform stress distribution pattern was generated in Model

2 (Fig. 9b Von Mises stress in cortical bone of Model 2,

Group 1) as compared to Model 1 (Fig. 9a Von Mises

stress in cortical bone of Model 1, Group 1). During non

axial loading, the stresses generated in the Model 2 were

slightly higher as compared to Model 1 (Table 3).

Cancellous Bone (Stress and Strain)

On axial loading, a slight decrease in stress value was

observed in Model 2 as compared to Model 1 (Table 4).

Table 2 Grouping of models based on the direction and magnitude

of forces and surface topography of the implants

Groups Forces Direction Model (smooth

surface)

Model (rough

surface)

Group 1 100 N Axial Model 1 Model 2

Group 2 50 N Bucco-Lingual Model 1 Model 2

Group 3 50 N Mesio-Distal Model 1 Model 2

Table 3 Von Mises stress (in MPa) in the cortical bone under dif-

ferent masticatory forces

Groups Model 1 Model 2

Group 1 (Axial forces 100 N) 11.739 13.674

Group 2 (Bucco-lingual forces 50 N) 32.077 37.122

Group 3 (Mesio-distal forces 50 N) 18.406 35.648

Table 4 Von Mises stress (in MPa) in the cancellous bone under

different masticatory forces

Groups Model 1 Model 2

Group 1 (Axial forces 100 N) 1.473 1.387

Group 2 (Bucco-lingual forces 50 N) 1.016 1.631

Group 3 (Mesio-distal forces 50 N) 1.203 1.303

Table 5 Von Mises strain (in microns) in the cancellous bone under

different masticatory forces

Groups Model 1 Model 2

Group 1 (Axial forces 100 N) 9.83 9 10-4 9.28 9 10-4

Group 2 (Bucco-lingual forces 50 N) 6.8 9 10-4 10.8 9 10-4

Group 3 (Mesio-distal forces 50 N) 8.06 9 10-4 8.69 9 10-4

Table 6 Von Mises stress (in MPa) on interface (bone–implant) with

different masticatory forces

Groups Model 2

Group 1 (Axial forces 100 N) 6.669

Group 2 (Bucco-lingual forces 50 N) 21.535

Group 3 (Mesio-distal forces 50 N) 21.631

Table 7 Von Mises stress (in MPa) in the implant with abutment

under different masticatory forces

Groups Model 1 Model 2

Group 1 (Axial forces 100 N) 25.53 25.41

Group 2 (Bucco-lingual forces 50 N) 121.406 115.164

Group 3 (Mesio-distal forces 50 N) 107.217 106.282
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Figure 10a shows Von Mises stress in cancellous bone of

Model 1, Group 1 that maximum stress was concentrated at

the base of the implant while Fig. 10b shows Von Mises

stress in cancellous bone of Model 2, Group 1 that the stress

was localized to the coronal half region of implant and

minimal stress was found at the apical half. Von Mises strain

values for Model 2 (Table 4) were comparatively lesser with

deformation present only in the coronal half of bone segment

(Fig. 11b Von Mises strain in cancellous bone of Model 2,

Group 1), unlike that in Model 1 where deformation

occurred at the apical half of implant (Fig. 11a Von Mises

strain in cancellous bone of Model 1, Group 1). During non

axial loading Von Mises stress and strain values were higher

for Model 2 as compared to Model 1 (Tables 4 and 5). The

stress was mainly distributed in the coronal region of

implant, depending on the direction of loading (Figs. 12a

and b showing Von Mises stress in cancellous bone of Model

1, Group 2 and Group 3, respectively).

Bone Implant Interface

On vertical loading, very low stress values were generated

at the interface as compared to the stress values generated

during non axial loading (Table 6). There were insignifi-

cant differences in the stress values generated in Model 1

and Model 2 when forces were applied in bucco-lingual

and mesio-distal directions (Table 6).

Implant with Abutment

Irrespective of the loading condition and type of model, the

maximum amount of stress was generated in the implant

directly on the point of application of load (Fig. 13a and b

Von Mises stress in implant abutment of Model 1 and

Model 2, Group 1, respectively). Both the models exhibited

much lesser values of stresses during axial loading when

compared to stresses generated during non axial loading

Fig. 9 a Von Mises stress in cortical bone of Model 1, Group 1.

b Von Mises stress in cortical bone of Model 2, Group 1

Fig. 10 a Von Mises stress in cancellous bone of Model 1, Group 1.

b Von Mises stress in cancellous bone of Model 2, Group 1
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(Table 7). Von Mises stresses generated in Model 2 were

slightly lower than that of Model 1 when forces were

applied in horizontal direction (Table 7).

Discussion

Implant failures predominantly occur because of biome-

chanical factors [4] so many alterations to the surface

topography of the implants have been done to overcome

these biomechanical factors [5, 6, 8, 31]. Although it is

relatively easy to design an implant that will bear the loads

that it will encounter in the course of its lifetime, it is quite

another matter to design an implant that will distribute

loads at a desirable level of stress to the surrounding bone.

Therefore, in this study an implant design that utilizes

porous surface coat layer of sintered Ti-6Al-4 V spherical

powder particles has been introduced and is considered to

uniformly distribute the stress along the bone implant

interface [8, 10].

For ethical reasons, in vivo strain gauge measurements

cannot be done inside the bone, so finite element analysis

was used to measure the stress along implant bone interface

[32, 33]. This method allows us to safely predict stress

distribution in the contact area of the implants with cortical

bone and around the apex of the implants in trabecular

bone. Cook et al. [15] conducted a 3-D Finite Element

analysis of a porous-rooted Co–Cr–Mo alloy dental implant

to investigate the biomechanical response. 2-D Finite

Element Method is not a valid representation of clinical

situation. Therefore, to suit the aims of this study 3-D

Finite Element Method, which can be used appropriately in

asymmetric situations such as in the mandible, was used to

evaluate the stresses/strains in the bone around the implant.

Fig. 11 a Von Mises strain in cancellous bone of Model 1, Group 1.

b Von Mises strain in cancellous bone of Model 2, Group 1

Fig. 12 a Von Mises stress in cancellous bone of Model 1, Group 2.

b Von Mises stress in cancellous bone of Model 1, Group 3
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Model Considerations

In this study, a segment of bone was modeled to simulate

the posterior region of the mandible because simulation of

the whole mandibular body is very elaborate. Sato et al. [7]

reported in a three dimensional study, that variations in the

bone stress around an implant was negligible if the length

of bone between implant and segment end was at least

4.2 mm. Since in the present study this length was

12.8 mm, the end effects were considered to be negligible

and did not alter the results. The size of the implant chosen

best suited the dimensions of bone segment. The porous

surface topography (microspheres and porosities) was

generated through CAD software (Fig. 4 Model of implant

with microspheres) but could not be meshed because of its

complex geometry. Therefore, a model (Fig. 5 Model of

implant bone ingrowth bonded interface), which accounts

for the mechanics of bone grown into a porous implant

surface was generated and incorporated into the finite

element analysis. This procedure simplified the meshing of

the model and analysis of the results. Also to reduce the

complexity of the model, prosthesis was not considered in

the design of model [13].

Material Properties

The cortical bone, cancellous bone and implant with

abutment were presumed to be linearly elastic, homoge-

nous and isotropic [6, 16]. Although cortical bone has

anisotropic [17] material characteristics and possess

regional stiffness variation, they were modeled isotropi-

cally due to the nonavailability of sufficient data and dif-

ficulty in establishing the principal axis of anisotropy. The

mechanical properties of the interface material were

mathematically calculated under the assumption that it was

a composite material [18].

Loads and Constraints

The constraints at the end of the bone segment and force

application on top of the abutment approximated only

roughly the complex balance between masticatory forces and

their reactions. These simplifications result from limitations

of the modeling procedure and thus give only a general

insight into the tendencies of stress/strain variations under

average conditions, without attempting to simulate individ-

ual clinical situations. Although this simplification could be

expected to bring about quantitative changes in the results, it

was not expected to influence them qualitatively. Therefore,

it is advisable to focus on qualitative comparison rather than

quantitative data from these analyses [6].

Stress/Strain Distribution

Stress concentration was evident around the implant neck

at the cortical bone level in all of the models. This finding

was consistent with the results [16, 20, 22, 31] from other

Finite Element studies as well as with findings from in vitro

and in vivo experiments and clinical studies [34], which

demonstrated bone loss initiating around the implant neck.

The reason may be because of high modulus of elasticity of

cortical bone (E = 13,700 MPa), which provides more

rigidity and thus more capability to withstand stress.

Cortical Bone

On axial loading, stress generated in the cortical bone was

comparable in both the smooth and rough surface implant

(Table 3). The probable reason could be that the osseoin-

tegration assumed for both the models was 100%.

According to the some clinical studies [10], it was found

Fig. 13 a Von Mises stress in implant abutment of Model 1, Group 1.

b Von Mises stress in implant abutment of Model 2, Group 1
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that smooth surface implants have lesser osseointegrated

surface as compared to an implant with rough surface.

Therefore, a new 3D finite element study should be carried

out where modeling of bone–implant interface should

incorporate the actual osseointegrated surface of an implant

to provide more realistic results.

Minimum amount of stress was generated in the cortical

bone during axial loading as compared to during non axial

loading. This is because the load is applied parallel to the

long axis of the implant, where the ability of the implant

and cortical and cancellous bone to withstand stress is

more.

During bucco-lingual loading, stress seen in the cortical

bone was less with Model 1 compared to Model 2. This is

because of the decrease in the cross-sectional diameter of

the implant to incorporate the interface. The same reason is

true for increased stress component in Model 2 during

mesio-distal loading.

Cancellous Bone: Stress and Strain

There was a decrease in stress magnitude during axial

loading in Model 2 as the interface absorbs the stress

component simulating the function of periodontal ligament

in natural teeth [35]. It also distributes stress amongst the

implant and the cortical bone and thus, minimizes the load

on cancellous bone. It also prevents punching stress at the

base of implant as seen in Model 1 (Fig. 10a Von Mises

stress in cancellous bone of Model 1, Group 1), limiting the

stress distribution pattern in the coronal half of the implant.

During bucco-lingual and mesio-distal loading, the

stress was found to be more in Model 2, reason could be

the direction of force perpendicular to the long axis of the

interface. This interface has very low elastic modulus

compared to implant, thus it undergoes bending with no

contribution in resisting deformation leading to increased

stress levels in cancellous bone.

Because of the low modulus of elasticity of cancellous

bone, the load bearing capacity decreases while elasticity

increases. Thus, more strain can be seen especially during

horizontal loading. Von Mises strain value of cancellous

bone during axial loading is similar to the value obtained

during horizontal loading but with double the load i.e.

100 N. This is because of the presence of interface acting

as periodontal ligament.

Bone–Implant Interface

The bone–implant interface was capable of withstanding

and absorbing the stress during axial loading. This could be

because the direction of force is along its long axis [35].

But during bucco-lingual and mesio-distal loading, it

showed maximum stress due to high bending moments.

Thus, effectiveness of interface is visualized during axial

loading [29, 36].

Implant with Abutment

Irrespective of the direction and magnitude of loading,

implant with abutment withstood maximum amount of

stress compared to any other component of the model. The

probable reason could be its high elastic modulus

(E = 110,000 MPa), which is 8 times the elastic modulus

of cortical bone (E = 13700 MPa) and 80 times the elastic

modulus of cancellous bone (E = 1370 MPa).

During axial loading, stress generated within the implant

was least as compared to the stress generated during bucco-

lingual and mesio-distal loading. The reason being the

direction of load along the long axis of the implant pro-

vides maximum cross-sectional area to withstand the stress.

The same is true for the variation in stress generated

between Model 1 and Model 2, during non axial loading.

Clinical Implications

It is clear from the results of the study that the implant

with porous surface tends to favor uniform stress distri-

bution as compared to implant with smooth surface which

showed high punching stress at the base of the implant

[36]. Therefore, surface topography of the implant

should be considered as an important factor for implant

longevity.

Non-axial loading has been related to marginal bone

loss, failure of osseointegration and even failure of the

implant [27]. Therefore, meticulous care should be taken

while planning the occlusion for implant-supported pros-

thesis. Occlusal contacts that distribute stress axially

should be incorporated in the prosthesis. During eccentric

movements the implant-supported prosthesis should allow

only minimal functional contact to avoid forces from non-

axial direction [37, 38].

Limitations of Finite Element Method

Even though Finite Element Method is an accurate and

precise method for analyzing structures, the present study

had certain limitations. The implant was assumed to be

100% osseointegrated, which is never found in clinical

situation [39]. The cortical bone, cancellous bone and the

implant were considered to be isotropic and lastly the static

loads that were applied differed from the dynamic loading

encountered during function. Therefore, further studies can

be carried out with improvements made to the finite ele-

ment models, applying dynamic loading conditions and
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providing some movement between the parts of the model

using some friction coefficient [40].

Conclusion

Despite the limitations of the methodology, it can be

concluded that porous surface topography appeared to

distribute stress in a more uniform pattern around the

implant. The interface was considered to simulate the

shock absorbing behavior of periodontal ligament of nat-

ural dentition because in the present study there was a near

absence of stress in the apical region of the rough surface

implant whereas the smooth surfaced implant showed high

punching stress at the apex of the implant. Thus, the

interface was assumed to transfer the stresses in a more

uniform way around the implant. Maximum amount of

stress concentration was observed in the cortical bone

irrespective of the magnitude and direction of loading.

Therefore cortical bone plays a major role in the dissipation

of the stress. Higher stress was generated in the bone

implant system during non-axial loading, which indicates

the bone implant interface was somewhat less effective in

stress distribution when loaded in a horizontal direction.

There was favorable distribution of stress and strain pattern

during axial loading.
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