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a b s t r a c t

The aim of the current study is to examine numerically the stress intensity along bone-implant interface for

selected implant systems under occlusal load using finite element analysis (FEA) and confirming the result

experimentally by optical technique. To see the biomechanical performance at bone-implant interface the

five types of implant systems are chosen for the current study. A three-dimensional (3D) computer aided

design (CAD) is prepared using CreO Parametric modeling software. A non-linear contact between implant

and surrounding bone is defined to analyze the stress intensity in the cancellous bone under the applied

load of 100 N axial directions, 40 N laterals (Bucco-lingual) direction and 100 N oblique at 45 degree to

the longitudinal axis of implant. An experimental photoelastic technique (Optical technique) is used to pre-

dict the stress intensity in a cancellous bone near the bone-implant interface using Tardy’s method of com-

pensation. A homogeneous blend of Araldite and hardener material is used to prepare a photoelastic block

model. The maximum value of stress intensity is noted in Type-I implant system at apical part of implant

whereas minimum value was noted in Type-III implant system under lateral and oblique loads. Stress inten-

sity in cancellous bone at the bone interface is found to be more significant to the applied oblique load.

� 2020 The Authors. Published by Elsevier Ltd.
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1. Introduction

Nowadays pure titanium and titanium alloy based dental

implants in the edentulous mandible are widely used as an artifi-

cial tooth in place of damaged or missing natural tooth [1]. The

biomechanical compatibility between bone and implant is

achieved with certain bonding between them commonly known

as osseointegration [2]. Different factors influence osseointegration

like implant thread design, bone quality, clinical techniques and

postoperative treatment. Among these factors, implant design is

one of the dominant factors. In addition, implant thread profile is

directly affected the stress pattern to the adjacent bone and mar-

ginal bone loss [2–4]. Different sizes and shapes of implant thread

profile are available commercially. It is essential to understand the

effect of thread profile on stress distribution to the surrounding

bone for the rehabilitation success [5]. A five commercially avail-

able implant systems (selected based on the literature review)

are numerically and experimentally investigated to analyze the

stress intensity in a cancellous (jaw) bone to understand the

biomechanical behavior of implant (thread profile) with surround-

ing bone. In order to study the stress pattern, a molar region of

mandibular section (Type-II bone -dense cancellous bone sur-

rounding with 2 mm thick cortical) with reference toLekholm

and Zarb classification [6] is modelled and the stress intensity

around the bone interface is numerically evaluated by finite ele-

ment method using ABAQUS6.10.3 simulation code.

2. Dental implant system

Various implant design might affect the type and magnitude of

force applied to the bone-implant interface. Five commercially
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available dental implant system with internal hex connection are

selected. Implant system (Type-I) (3.5 mm diameter, 14 mm

length), Implant system (Type-II) (3.4 mm diameter, 15 mm

length), Implant system (Type-III) (3.5 mm diameter, 14 mm

length), Implant system (Type-IV) (3.5 mm diameter, 15 mm

length) and Implant system (Type-V) (3.5 mm diameter, 15 mm

length). Small variation in implant diameters and length was pre-

dictable since most of the manufacturers do not support implants

with similar sizes.

3. Materials and methodology

3.1. 3D-CAD geometry modeling

The implant dimensions like diameter and length were pre-

sented from manufacturer catalogue and other parameters like

pitch, thread profile, thread depth, thread height, number of turns

were measured using video Measuring system (Vision Engineering,

make: SWIFT DUO, UK). The geometric 3D CAD models of the five

implants are represented in Fig. 1. The complete implant prosthesis

(implant, crown, abutment, and intermediate screw and jawbone)

assembled in CAD software. The CAD assembly model is imported

in HYPERMESM software for finite element (FE) modeling.

3.2. 3D FE modeling

3.2.1. Convergence Criteria

In the present study the mesh refinement was performed to sat-

isfy the convergence criteria. The equivalent stress in the cancel-

lous and cortical bone were monitored to obtain the desired

convergence in the implant prosthetic assembly. Based on varia-

tion in the mesh size, the change in the jawbone model is observed.

If the variation is less than 5% then, it was considered as a mesh

convergent [4, 7, and 8].

3.2.2. Nodes and Elements

The implant, abutment, intermediate screw and bone have been

meshed with C3D10 quadratic tetrahedron element with average

size of 0.08 mm whereas the crown has been modeled with S3R/

S4R linear tri/quadrilateral element with average size of 0.3 mm.

Different mesh refinement levels were used to control the model

size for numerical solution [7,8]. The bone-implant interface region

is fine meshed to accurately model the thread profile and the can-

cellous and cortical region away from interface is coarse meshed to

control the size of FE model shown in Fig. 2 (b). The total number of

nodes and elements in all five-implant system is shown in Table 1.

3.2.3. Implant and bone Interface

The bio-mechanical properties of implant and bone interface

are defined by the size of implant surface in contact with tissue

around the interface. Therefore, it is a key factor for implant stabil-

ity [9]. A friction contact is defined to simulate the bone-implant

interface condition [10,11]. The bone-implant interface is modeled

as surface contact and the friction coefficient is 0.3 with small slid-

ing to simulate ideal osseoinegration in FE simulation.

3.2.4. Material Properties

A pure Titanium and Titanium alloy widely acceptable as an

implant material in the field of dentistry because of its good bio-

compatible and mechanical properties. The material with isotropic

properties was developed by most of the researchers which con-

sists of giving material properties, prominent boundary conditions

and performing the mesh model with numerical simulation. Some

of the investigators assumed bone anisotropy is a complex ortho-

tropy [12]. The material model with orthotropic properties was

prepared by giving properties in a random direction and then solv-

ing for vertical, lateral and oblique loads requirement in order to

characterize the final control of axes of orthotropy. With these

directions specified to each element, a final result was achieved

[13,14]. Local alignment of the orthotropic material along the bone

structure is established on direction of principle stresses formed by

masticatory loading and distinct boundary conditions. The

nonlinear elastic properties of implant prosthetic were assumed

in this study shown in Table 2.

3.2.5. Load and constraints

Vertical and lateral forces mainly induce due to mastication and

horizontal motion of the mandible [15]. Three loading conditions

were simulated in FE simulation [8,16–18]. A vertical 100 N load

(mastication force) in coronal to apical direction, lateral load

(transverse force due to motion of mandible & inclination of tooth

cusps) of 40 N in Bucco-lingual direction (cheek-tongue direction)

and the 100 N oblique load at 45� inclination with axis of implant

were used to analyze the stress distribution in the cancellous bone

in the vicinity of bone interface. The oblique load is resolved into

two components as a vertical and horizontal component of forces

on the crown surface. In FEA to represent the physical boundary

condition of holding the acrylic block model is simulated by con-

straining the nodes in all DOF. The bottom 1/3rd portion of block

model nodes from all sides were constraints to zero DOF. A nonlin-

ear contact stress analysis was performed using Abaqus/CAE code.

3D finite element model (FEM) with loads and constraints are

shown in Fig. 2(c)

4. Experimental work

4.1. Photoelastic test setup

An experimental photoelastic method generally used for stress

analysis of complicated geometry with vertical loading conditions

[19]. Photoelastic test setup involves of a light supply, polarizer

and analyzer plates, loading fixture and a load cell as demonstrated

in Fig. 3 (a). Isochromatic pattern of fringes under specified loading

were observed in monochromatic light as shown in Fig. 3 (c). A

magnifying lens is accessible for accelerating measurement of

fringes. Tardy’s method of compensation was used to evaluate

isochromatic fringes [20].

4.2. Photoelastic material model

Experimental photoelastic block model is approximated to a

cuboid shape of dimensions 10 mm (thickness) � 20 mmFig. 1. 3D CAD Model of implant system Type-I to Type V (a-e).
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(width) � 25 mm (height), since maximum load is always concen-

trated in the small zone around the neck region of implant and sur-

rounding bone, therefore the shape of the cut section of human

mandible bone is of lesser importance to the applied load [21]. Ara-

ldite CY–230 and Hardener HY–951(Araldite, Petro Araldite Private

Limited, Chennai, Tamil Nadu) mixture was used in the ratio of

10:1 to prepare a photoelastic block [22] shown in Fig. 4(a).

4.3. Photoelastic disc calibration

A key parameter in Photoelastic analysis is the determination of

the fringe constant for the birefringent material being used.

Although the material fringe value was specified by the manufac-

turer, it was necessary to calibrate the material at the time of

experimentation as specified in most of the literature [19]. A cali-

bration disc was use from the same batch of acrylic material as the

equivalent photoelastic model and the disc calibration was

performed with the same light source to calculate photoelastic

material fringe constant [20]. Three photoelastic block model for

each implant prosthesis is prepared for photoelastic stress analysis.

4.4. Crown fitment in photoelastic block model

Firstly, the implant and abutment are fitted in an acrylic block

model (Fig. 4 b). Crown is a replica of missing tooth cemented on

the outer surface of abutment. For the implant prostheses, the pat-

tern of wax was used for the suitable shape of a porcelain metal

framework. Later, the crowns were relocated, and the efficient

interproximal contacts were checked according to clinically adopt

procedures. The crown model demonstrates the shape of molar

tooth is used for the implant system. The abutment with the crown

fitment model is shown in Fig. 4 (c).

4.5. Experimental procedure

The photoelastic block model with implant prosthesis (Fig. 3

(b)) was placed in circular polariscope and the first picture cap-

tured without any load, to confirm the block model was stress free.

[23] then the vertical occlusal loads of 100 N were employed to

pre-determined points on the crowns with an S-type beam load

cell. The monochromatic fringe pattern images (Fig. 3(c)) were

recorded by a digital camera (Nikon D5200 Digital SLR camera)

and later analyses to count the number of fringes (N) using image

software (Adobe Photoshop CS6). The photographs were taken

from each loading conditions to assess the number of fringes at

the point of interest. Fringes were counted at six location

(Proximal-Top most portion of implant-bone interface, Mesial-

Middle portion at the interface and Distal-bottom portion of

implant interface) along left and right side of the implant on pho-

toelastic block model [24], in accordance to a qualitative analysis

by some of the researchers. [25,26] The fractional fringes (N1 and

N2) is determined by Tardy’s method of compensation by rotating

analyzer clockwise and anticlockwise direction and the average

fringes is calculated as presented in Table 3 (for Type III implant

system). All the photographic images obtained from each loading

conditions were evaluated to calculate the number of fringes in

an isochromatic light source. Optical axes of photoelastic model

coincide with principal stress direction due to birefringence effect

[27] and the magnitude of principle stress difference (stress inten-

sity in MPa) was calculated using stress optic law with the follow-

ing relation,

Fig. 2. FE model of implant system (a) Cut section of 3D FE model of implant-bone assembly, (b) Mesh enhancement at bone-implant interface (c) loads and boundary

condition employed on implant system.

Table 1

Number of nodes and elements in the Implant System.

Implant System Elements Nodes

Type-I 671,924 144,601

Type-II 837,510 167,502

Type-III 783,975 158,528

Type-IV 847,519 177,752

Type-V 770,007 153,365

Table 2

Orthotropic properties of jawbone applied in FE Model [12].

Sr. No. Material Properties Cancellous bone Cortical bone

1 Elastic Moduli (MPa) E1 210 12,700

E2 1148 17,900

E3 1148 22,800

2 Shear Moduli (MPa) G12 68 5000

G13 68 5500

G23 434 7400

3 Poisson’s ratio m12 0.055 0.18

m21 0.105 0.35

m13 0.055 0.31

m31 0.093 0.49

m23 0.322 0.28

m32 0.325 0.31
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Stress Intensity (r1-r2) = (N f )/h

Where r1and r2 are the principle stresses (MPa), ‘N’ is the

number of fringes found from experimental fringe pattern, ‘h’

assumed to be the thickness of photoelastic block (mm) and ‘f ’ is

the fringe material constant (N/mm per fringe) depends on wave-

length of light ‘ʎ’ and stress optic coefficient C (f=ʎ/C) [19,20].

5. Results and discussions

5.1. Experimental results

Experimental work needs to carry out to accept or reject the

hypothesis. In the present research work, it was hypothesized that

three photoelastic block model of each implant system differ sig-

nificantly in their mechanical behavior (stress intensity and stress

distribution pattern) at the bone–implant interface. The level of

statistical significance is often used as p-value. No significant dif-

ferences were found in three photoelastic model of each implant

prosthesis (p < 0.05) based on statistical analysis [28]. Hence the

null hypothesis is rejected. Fringe orders and the propagation of

stresses along the interface were observed by qualitative analysis

and the stress intensity results were obtained by quantitative anal-

ysis [17]. The stress is localized and quantify based on the number

of fringes calculated. More the number of fringes, more will be the

stress intensity; stress concentration will be more as the number of

fringes closer to each other [19,20]. We detected a maximum num-

ber of fringes in Type-I implant system compared with other four

implant system and the stress concentration was greater at the

apical section (Near the first thread of implant) for lateral as well

as oblique loading in comparison with five-implant system. Mini-

mum number of fringes observed under vertical load and maxi-

mum number of fringes under oblique load in Type III implant

system presented in Table 3. The fringes were uniformly dis-

tributed in Type-III implant system, indicating a lower stress con-

centration compared with other Implant system.

The greatest stress concentrations were detected at distal

region (Near the last thread) under vertical loading whereas at

the apical region for the lateral and oblique loading condition for

all implant system. In all five type of implant system the maximum

stress intensity calculated from experimental analysis.

5.2. Finite element results

The stress intensity in the cancellous bone by FE simulation for

Type-III implant system under three loading conditions is shown in

Fig. 5. The stress distribution pattern is uniform in Type-III implant

system. In vertical loading condition Type- IV shows minimum

stress intensity as shown in Fig. 6 whereas for lateral and oblique

loading conditions Type-III implant system shows minimum stress

intensity (Fig. 7 and Fig. 8). Stress intensity in cancellous bone is

found to be more significant to the applied oblique loading

condition.

5.3. Experimental and numerical result comparison

Experimental and FEA stress intensity results comparison are

presented in Figs. 6, 7 and 8. For Type-II, III and IV implant system,

the stress intensity values obtained from FEA are found in approx-

imate close agreement with those calculated from experimental

photoelastic analysis under lateral, vertical and oblique loading

respectively. Whereas for vertical and lateral loading condition

Type-V implant system shows maximum difference as compared

Fig. 3. (a) Photoelastic experimental setup with quarter wave plates (b) Acrylic block model with implant prosthesis (c) Fringe pattern observed under monochromatic light

for vertical loading.

Fig. 4. (a) Acrylic block model (b) Implant and Abutment fitted in the block model (c) Acrylic block model with crown.
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Fig. 5. Cut section of cancellous bone showing stress intensity distribution at the

interface region for the implant Type-III system under (a) vertical load (b) Lateral

load and (c) 100 N oblique load at 45�.

Fig. 6. Experimental and FEA stress intensity result comparison (100 N occlusal

load).

Table 3

Experimental results of Photoelastic fringes observed in Type-III Implant System.

100 N Vertical

Stress Locations Fringe order N1 N2 Navg (N/mm per fringe) Stress Intensity (MPa)

Proximal Left P (L) 2 2.33 1.33 1.83 1.47

Proximal Right P (R) 6 5.61 4.22 4.92 3.95

Mesial Left M (L) 4 4.47 3.61 4.04 3.25

Mesial Right M (R) 6 6.55 5.61 6.08 4.89

Distal Left D (L) 7 7.37 6.83 7.10 5.70

Distal Right D (R) 6 6.27 5.55 5.91 4.75

40 N Lateral

Stress Locations Fringe order N1 N2 Navg (N/mm per fringe) Stress Intensity (MPa)

Proximal Left P (L) 5 5.33 4.72 5.03 4.04

Proximal Right P (R) 8 8.38 7.50 7.94 6.38

Mesial Left M (L) 6 6.78 5.78 6.28 5.05

Mesial Right M (R) 6 6.33 5.33 5.83 4.68

Distal Left D (L) 7 7.55 6.55 7.05 5.66

Distal Right D (R) 6 6.55 5.55 6.05 4.86

100 N Oblique 45�

Stress Locations Fringe order N1 N2 Navg (N/mm per fringe) Stress Intensity (MPa)

Proximal Left P (L) 10 10.66 9.61 10.14 8.14

Proximal Right P (R) 11 11.2 10.77 10.99 8.83

Mesial Left M (L) 6 6.50 5.58 6.04 4.85

Mesial Right M (R) 9 9.60 8.68 9.14 7.34

Distal Left D (L) 9 9.34 8.38 8.86 7.12

Distal Right D (R) 9 9.72 8.72 9.22 7.41

Fig. 8. Experimental and FEA stress intensity result comparison (Oblique 100 N at

45� load).

Fig. 7. Experimental and FEA stress intensity result comparison (40 N Lateral load).
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with other implant systems. Correspondingly for oblique loading

condition Type-I and Type-V implant system shows the maximum

variation in both experimental and FEA results.

This study also addressing some of the limitations and future

scope. For an accurate measurement of stress intensity along the

interface, the actual shape of bone geometry needs to be simulated

in FE study which might decrease the variation between simulated

and experimental results. Whereas, in experimentational work, the

fringes could be accurately measures using 3D photoelastic tech-

nique that needs to be considered in future investigations.

6. Conclusions

Current study compared the stress intensity results obtained

from optical technique with those simulated from finite element

analysis. Within the limitation of present work, five different com-

mercial implant systems were analyzed using orthotropic material

properties of jawbone in numerical simulation. Stress distribution

along bone-implant interface shows region of high stress concen-

tration for different loading conditions. Stresses are more concen-

trated near the interface. Furthermore, the magnitude of stress

intensity decreases towards the outer region (away from inter-

face). Based on experimental and numerical analysis results the

following inferences can be drawn

1. The critical intensity of stress location was noted at the proxi-

mal section for the lateral and oblique loading conditions,

whereas for vertical occlusal loading it was in distal region of

the interface. The oblique loading (Simulated as real mastica-

tory loads) induces greater stress at the interface as compared

with vertical (occlusal load) and lateral loading conditions.

2. Numerical simulation results show that, the use of orthotropic

properties for implant prosthetic model is more appropriate

than the isotropic for predicting stress intensity along the bone

interface.

3. In most of the commercial dental implant systems, cutting

flutes regions is found to be region of maximum stress concen-

tration. Also, in some implant systems, uneven distribution of

stress was observed at the interface. Type-III and Type-IV

implant showed uniform stress distribution along the length

of implant for all loading condition. Therefore, uniform stress

distribution ultimately gives better stability which leads to

increase the success rate.

4. The thread profile of the implants is one of the critical parame-

ters to effectively distribute the stress intensity and avoid high

stress concentration at cancellous bone near the interface.
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