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Abstract
Background. The finite element method (FEM) has been used to analyze stress and strain distributions 

around 3 suggested dental implants with newly-designed thread parameters and the optimal shape of the 

implant was introduced considering the response surface optimization method sensitivity analysis. Experi-

mental tests seemed necessary to confirm the results of the FEM.

Objectives. The aim of this study was to use experimental tests to prove the results of a finite element ana-

lysis of 3 dental implants with different thread designs under axial loads. Photoelastic stress analysis was 

chosen due to the similarity of analysis with FEM.

Material and methods. Two-dimensional models of 3 dental implants were built of grade 4 titanium to 

be tested in the polariscope. Model 1: A tapered implant with V-shaped threads; Model 2: A tapered implant 

with micro-threads in the upper area and V-shaped threads in the rest of the body; Model 3: A tapered im-

plant with reverse buttress threads in all areas. Axial loading of 100 N was applied to the top of the implants 

and stress patterns and the maximum stress were evaluated for each implant.

Results. The minimum Huber-Mises-Hencky stresses of cortical bone were recorded in model 2, a tapered 

implant with micro-threads in the upper area and V-shaped threads in the rest of the body. The value for 

100 N loading was 15.25 MPa, which was in agreement with the FEM.

Conclusions. Considering the stress patterns and values obtained from experimental tests of photoelasti-

city, the tapered implant with micro-threads in the upper area and V-shaped threads in the rest of the body 

has the most uniform and desirable stress distribution in the surrounding cortical bone and is preferred to 

be used in future applications.
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Introduction 
Engineering techniques used to evaluate strain-stress 

fields are useful tools in the study of biomechanical applica-

tions. These experimental and numerical engineering tools 

were imported to biomechanics, in particular in dental bio-

mechanics, a few decades ago. Several experimental tech-

niques have been used in dental biomechanics, like photo-

elasticity, ESPI (Electronic Speckle Pattern Interferometry), 

strain gages, and other kinds of transducers. Photoelasticity 

is an experimental technique used for stress analysis of dif-

ferent objects under various loading conditions. It relies on 

transparent materials that show fringes when load is ap-

plied. This effect is the result of refraction of the polarized 

light by internal deformations due to stresses occurring in 

the model. Interpretation of these fringes shows the stress 

distribution and allows the measurement of their direction 

and magnitude. In the photoelastic method, a model simi-

lar to the studied structure is made in transparent material 

that has photoelastic properties. This model is placed un-

der loading of the work conditions, which results in a de-

formation and color patterns.13 

Polariscope is an optical system that shows the estab-

lishment of the main stress directions, as well as the differ-

ence between the 2 components of main stress. It is made 

up of polarizer, analyzer, and wave plates. The polarized 

light crosses the wave plates and arrives at the observer as 

an image of the optic parameters.4,5 

The study of photoelasticity in the specific area of den-

tal implant systems is of great interest since it can be use-

ful in analyzing the stress distribution in both abutments 

(different designs and types) and implants screws (differ-

ent types and angulations).6 

Zielak et al. used 8 different designs of  implants from 

2  manufacturers, which were connected to their abut-

ments, placed into epoxy resin blocks and observed un-

der a polariscope coupled to a universal testing machine 

while subjected to axial loads of 5 N.7 The obtained im-

ages were quantitatively analyzed by image analysis soft-

ware. By this biomechanical study, it was possible to dem-

onstrate a correlation of some implant characteristics to 

the colored fringe areas of tension distribution, a colori-

metric method that can be used in comparative studies 

of photoelastic analysis.7

Udae  et  al. studied the photoelastic analysis of  stress 

distribution on parallel and angled implants after instal-

lation of fixed prostheses.8 The purpose of this study was 

to compare stress distribution in the fixed prosthesis with 

3 parallel implants, to the stress distribution in the same 

prosthesis in the existence of an angled central implant. 

The presence of  applied tensions was observed in the 

models after applying the torque to retention screws.8

Goiato et al. has done a photoelastic stress analysis in 

prosthetic implants of different diameters: mini, narrow, 

standard or wide.9 Six photoelastic models were fabri-

cated in PL-2 resin as single crowns or splinted 3-unit 

piece. This experiment shows that under axial loading, 

the number of fringes is inversely proportional to the di-

ameter of the implants in the single crown models. The 

author concluded that the standard implant diameter al-

ways gives better stress distribution than the narrow and 

mini diameter implants. Additionally, the splinted crowns 

show more uniform stress distribution.9

Geramizadeh et al. used the response surface optimi-

zation method (available in finite element software pack-

ages) to optimize the parameters of designed dental im-

plants, including thread depth and pitch, in order to have 

a uniform and desirable stress distribution.10 In addition, 

the sensitivity of  the simulation to different mechanical 

parameters was investigated and it was concluded that 

micro-thread parameters have greater effects on stress 

and strain values than the rest of the body’s parameters.

Among the different aspects of  design and analysis 

of dental implants, thread parameters are considered very 

important due to their effect on stress distribution. In the 

previous study,11 3 different dental implant designs were 

investigated using FE analysis, and model 2 was chosen 

as the best all around. In the present study, experimental 

tests were used to prove the former results and give better 

insight into the issue.

Material and methods
In our previous studies, modeling of  the implants was 

done in Solidworks® 2014 and imported to ANSYS® 

Workbench software (ANSYS WB 2.0 Framework, 

v.  12.0.1, SAS IP®, Cheyenne, USA). All screws had the 

same geometry in terms of length and diameter (10.5 mm 

and 3.8  mm) in order to focus exclusively on the effect 

of thread design. The implant neck was beveled with a 22° 

angle relative to the vertical axis. This part had a 0.5 mm 

height and had to remain outside of bone. The area beneath 

the beveled margin had a 1 mm height with no threads and 

was to be placed in cortical bone. The rest of the body had 

specific thread designs as follows, to evaluate the effect 

of  thread design on stress distribution: implant model  1 

had V-shaped threads in the whole body; implant model 2 

had 1.3  mm micro-threads on the upper part and the 

rest of the body was the same as model 1; implant model 

3 had reversed buttress threads in all areas. The pitches 

of the V-shaped threads and micro-threads were 0.8 and 

0.26  mm, respectively. The reversed buttress thread had 

a 0.8 mm pitch as well. The implant bodies had an 8° ta-

per. A fixed rigid abutment with a 5 mm height was placed 

on top of the screw, where the force was applied. A bone 

block, 17 mm high and 12 mm wide, was built around the 

imported implants representing the surrounding bone in 

the second premolar region. A  core of  cancellous bone 

was covered with a thick layer of cortical bone with a con-

stant width of 2 mm. The 3 models are shown in Fig. 1. 

Also, the whole model is shown in Fig. 2. Static loading 
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involved application of 100 N force at 0 and 25° angles rela-

tive to the vertical axis. The implants were considered to 

be made of grade 4 titanium. The behaviors of the materi-

als were represented with linear isotropic material models. 

The mechanical properties of  the materials used in this 

study are shown in Table 1. All materials were assumed to 

be homogenous, isotropic, and linearly elastic.11,12 

In a plane stress problem, the thickness of  the proto-

type is small in relation to the other dimensions; there-

fore, it can be assumed to function as a two-dimensional 

model. The 3 models of designed dental implants were 

built using a  wire cut method (Fig. 3). Recently, these 

models were analyzed by means of the FEM and in this 

study the experimental tests were performed to prove the 

obtained results.11,12 The prototypes were placed in a box 

with small depth compared to the other dimensions, so 

it can be considered a  2-dimensional model. This box 

was filled with photoelastic material, which was a com-

bination of EPL 215 (epoxy oil) and EPH 5161 (hardener 

of epoxy oil). The mixture was liquid shaped at first and 

after mixing, it solidified in a few hours and the implant 

was fixed in it. 

100 N axial loading was chosen to be applied on the top 

of  the implants, which results in stress distribution in the 

whole model. The maximum amount of  stress in the sur-

rounding material around the implant is of  interest in this 

study, which can be calculated using the following procedure. 

First, the polariscope, which is shown in Fig. 4, is cali-

brated and, to do so, a disc in compression with the same 

material as the photoelastic material used is placed in 

the system. The stress-optic equations employed in pho-

toelasticity always include a  sensitivity coefficient. This 

coefficient represents the proportional factor between 

fringe order and stress level, and its magnitude varies with 

the type of  photoelastic plastic. Loads are applied dia-

metrically across the disc thickness and, from the theory 

of elasticity, the stresses at the center of the disc are:

Considering the color pattern, the center of the disk is 

green, which has 3.1 as N in the equation according to 

Table 1. Loading (P) of 3.5 N is applied and the prototype 

has a diameter (d) of 9 cm, which results in:

(2)

This parameter will be used to calculate the stresses 

in each point of  the model. In order to calculate maxi-

mum stress in each model, the color pattern is con-

sidered in 2  ways: normal view and oblique view.   is 

the angle of  the 2 views, which will be achieved using 

a prism light and, in this study, it is fixed at 30° in all tests. 

Fig. 2. Whole model including the implant and cortical, and cancellous bones

Fig. 1. Implant models with (1) V-shaped threads, (2) micro-threads and 

V-shaped threads, and (3) reversed buttress threads11

Fig. 3. Three models of dental implants with diff erent thread designs

Table 1. Mechanical properties of materials

Materials Young’s modulus 
[MPa] Poisson’s ratio Density 

[gr/cm3]

Cortical bone 13700 0.3 1.85

Cancellous bone 1370 0.3 0.9

Grade 4 titanium 103400 0.35 4.5

Fig. 4. Polariscope from 2 views

(1)
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The parameter of fringe order (N) must be found in both 

views and finally the principle stresses can be calculated 

using the following equations. In these equations Nn and 

No are the fringe orders in normal and oblique views, re-

spectively. The parameter d is the thickness of the model, 

which is 1 mm here.13,14

(3)

(4)

In FEM, the achieved stresses in the software are Hu-

ber-Mises-Hencky stress. Therefore, in order to compare 

the results, the principle stresses 1 and 2 must be con-

verted to Huber-Mises-Hencky stress using this equation:

Therefore, in the next step, each prototype should be 

fixed in the system and the loading condition will be ap-

plied. The color pattern is photographed in the normal 

and oblique situation to be used in calculations of stresses.

Results 
The maximum amounts of Huber-Mises-Hencky stress 

in each model were calculated using the above-mentioned 

equations. The distribution of colors in Fig. 5 for each im-

plant was chosen using Table 2, which gives the fringe or-

der in normal view. In addition, color orders in oblique 

views are found in Fig. 6, which will result in fringe or-

ders of the oblique view from Table 1. These parameters 

are used in equations 3 and 4 to calculate the principle 

stresses in each point. Equation 5 gives the Huber-Mises-

Hencky stress, which makes it possible to compare the 

results with FEM. In this study, the maximum amounts 

of  stresses are of  great importance and examined care-

fully for each model. These values and the results of the 

FEM are reported in Table 3 to be compared easily. 

As can be seen, there is a negligible difference between 

the results of the FEM and experimental tests. Model 2, 

a  tapered implant with micro-threads in the upper area 

and V-shaped threads in the rest of the body, had the low-

est stress in critical points and seems to be safer. 

Stress distribution in all 3 models in the normal and 

oblique views are shown in Fig. 5 and 6. Obviously, the 

most critical points in these pictures are the contact surface 

of threads and cortical bone. The first thread especially is 

the most important one since it has the biggest stress value. 

Fig. 6. Stress distribution in the models in oblique viewFig. 5. Stress distribution in the models in normal view

Table 3. Comparison of the results of FEM and photoelastic analysis

Maximum Huber-Mises-Hencky 
stress in cortical bone 

[MPa]
Model 1 Model 2 Model 3

FEM 17.9 17.77 18.7

Photoelasticity analysis 16.75 15.25 20.12

FEM – finite element method.

Table 2. Fringe orders obtained from diff erent color patterns

Color Fringe order

Black 0.00

Gray 0.28

White 0.45

Pale yellow 0.60

Orange 0.80

Dull red 0.90

Purple 1.00

Deep blue 1.08

Blue-green 1.22

Green-yellow 1.39

Orange 1.63

Rose red 1.82

Purple 2.00

Green 2.35

Green-yellow 2.50

Red 2.65

Red/green transition 3.00

Green 3.10

Pink 3.65

Pink/green transition 4.00

Green 4.15

(5)
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Discussion 
In this study, the maximum Huber-Mises-Hencky 

stresses in cortical bone were calculated using photoelas-

tic stress analysis to be compared with the results of the 

FEM. The results are represented in Table 3, which shows 

enough agreement between these 2 methods. However, 

there is negligible difference between the stress patterns 

in the 2 methods, which can be acceptable due to the limi-

tations of the experimental tests and assumptions made in 

the FEM. The experimental tests can represent results ac-

ceptably close to the real conditions. Therefore, they can 

be used to prove the results of the software analysis. 

As can be seen in Fig. 5, the maximum stress is happen-

ing in the neck of the implant, almost in the first thread 

that has contact with the bone. Therefore, this area has 

the biggest risk of failure and the danger of overstressing 

in the surrounding cortical bone should be considered es-

pecially in this area. This was also the case in the FEM, so 

the design of the threads in the upper area is of great im-

portance in the design and analysis of dental implants.15 

Additionally, modeling the exact geometry of the implant 

complex, including the thread details, is essential for this 

setting.16 In the present analysis, all implants had the same 

taper and bevel angles, which enabled accurate compari-

son of the effects of thread design. They were built using 

cut wire that has an acceptable accuracy in this case.

As seen in Table 3 and Fig. 5 and 6, implant model 2 

caused lower stress in cortical bone and the most homog-

enous stress distribution, which made it the best option 

amongst all, during the insertion procedure as well as dur-

ing the loading of implants. This model had micro-threads 

in the neck, which helped reduce the stress values in cortical 

bone. It also had V-shaped threads, which are stronger for 

cutting the jawbone during the procedure of screw place-

ment. This result was also found in previous FEM, and the 

experimental tests show great agreement with them.11,12

Ideal function of  dental implants in the human body 

depends on the ranges of the stress and strain in the sur-

rounding bone. These values should be within an optimal 

range. Exceeding this range might result in degeneration 

and fraction of the bone, and bone atrophy might occur in 

the case of stress values which are too low.17

There are some limitations and simplifications in this 

study. The polariscope used was only working in 2 dimen-

sions. The 3rd dimension, the thickness of the implant, was 

reduced to 1 mm and stress distribution is neglected in this 

dimension. This is obviously not the case in reality but it can 

be considered reasonable due to the similarity of the model 

in all directions. In addition, the only type of loading in this 

device is axial loading; therefore, other kinds of  tensions 

such as shear stress cannot be analyzed. Another impor-

tant factor is the assumption of isotropic and homogenous 

materials, which is not the case in the human body and may 

be responsible for the differences in results compared to 

other studies. Moreover, the absence of some components 

such as crown, which was not included in the model, may 

cause different effects on stress/strain patterns. However, 

these assumptions are acceptable in experimental tests and 

the results show reasonable agreement with FEM results. 

Future studies may focus on 3-dimensional photoelastic 

analysis of dental implants, which is a more realistic test, 

and of course a much more complex situation. In that case, 

shear stresses can be included in the loading conditions, 

which makes the analysis closer to reality.

In this study, it is concluded that a tapered implant with 

micro-threads in the upper area and V-shaped threads in 

the rest of the body has the optimum shape for the most 

desirable stress distribution. These tests proved that this 

thread design is the best one for the purpose of uniform 

and optimal stress distribution and is suggested to be 

used in future applications.
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