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A b s t r ac t
Aim: The aim of the present study was to study the effect of different types of implant-supported prosthetic material on the stress distribution
in peri-implant bone. And to explore the suitability of recent materials like polyether ether ketone (PEEK) and monolithic zirconia (M4) for
implant framework designing.
Materials and methods: Virtual mesh was designed for five different prosthetic materials (Mat) namely cobalt-chromium, titanium, zirconia, M4,
and PEEK. Forces were directed in vertical, horizontal, and oblique directions to get different fringes of stress severity in the surrounding bone.
Finite element analysis (FEA) along with optimization methods was used for in vitro testing and comparison. Statistical analysis was performed
using von Mises Stress Analysis and unpaired t-test followed by optimization of FEA results.
Results: PEEK was found to have a statistically significant (p-value < 0.0001) result with respect to stress distribution in peri-implant bone in
D1 type bone. Moreover, M4 showed favorable results in other bone conditions (D2, D3 type). The responses were optimized through the Signal
to Noise Ratio (SNR) concept of Taguchi Technique using MINITAB 17 software technique.
Conclusion: Within the limitations of the study PEEK and M4 were found to be the most efficient prosthetic material as compared to the
conventionally used metal alloys. Higher crestal bone stresses were reported in all the FEA models suggesting occlusal forces were far more
detrimental than the type of prosthetic material used.
Clinical significance: The study is an experimental simulation of stresses associated with implant-supported fixed prosthesis material type
and its influence on surrounding bone. The findings recommend the significant influence of bone density and type on the choice of prosthetic
material and discourage the routine selection of cobalt-chromium for every case.
Keywords: FEA, Implant prosthesis, Monolithic, Optimization, PEEK, Titanium, Zirconia.
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Introduction
Implant-supported prostheses are the time-tested solution
for partially or fully edentulous dental arches because of their
predictable success and reliable mechanical behavior. The kind
of prosthetic material used decides the loading stresses on
dental implants and the deformation of the surrounding bone.
The clinical performance of osseointegrated implants is largely
governed by the way stresses are dissipated to the surrounding
bone. The steadiness of implant prosthesis and clinical outcome
is influenced by prosthesis design type and its material.1 Failure of
dental implants is again multifactorial wherein local and systemic
factors are involved. 2 Optimum planning and the right choice of
prosthetic material are essential to minimize bone loss and harmful
impact on the implant body. 3 Möllers et al. investigated the effect
of framework design and material properties of the prosthetic
superstructure on stress distribution and described a positive
correlation between them.4 Cobalt-chromium is the material of
choice for more than a decade now. With the recent advances in
dental materials for implant prosthesis fabrication, the prosthetic
options are no more limited, unlike earlier practice. Clinicians can
use a wide range of materials with necessary modifications to
meet the growing demand for fixed prosthesis and deliver better
patient satisfaction. Among the newer materials, titanium and
zirconia are widely being explored for dental use and surprisingly
they are providing greater longevity and excellent esthetic results.
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With such materials rehabilitation using implants is definitely
the choice for every clinician compared to conventional fixed
dental prosthesis on natural teeth. Nowadays, clinicians are
able to meet patients’ demands and expectations due to better
available materials and newer concepts of rehabilitation. Full
arch prosthesis designed from cobalt-chromium witnesses
unpleasant episodes of ceramic chipping, screw loosening, etc
due to undue excessive stresses. However, recent materials like
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zirconia are less detrimental to peri-implant bone suggestive of
harmonious bone to implant stability. Also, the overall weight
of the prosthesis is lower than the cobalt-chromium framework
(M1) making them lightweight and much quicker approved by the
patients. Resins are also being extensively researched for use in
implant prosthetics. The present study attempts to compare one
such resin namely PEEK with other Mat to check the potentiality
as a suitable alternative.
Finite element analysis is an effective method to simulate a
dynamic oral environment and predict the material behavior of
complex structures under preset conditions. It is used for stress
distribution analysis of implant-prosthetic components that are
again expressed in different color distributions. This software
tool is capable of testing any material in virtual mode before a
real prototype is developed. The whole method is based on pure
mathematical logic so the range of error is negligible. Hence,
FEA was confirmed to be the most suitable for the present study
design. The aim of the present study was to evaluate the effects of
prosthetic material on the stress distribution of implant-supported
prosthesis in the peripheral bone using FEA and to draw a
comparison to determine which material causes the least amount
of stress on the bone.
The null hypothesis stated there was no statistically significant
difference between different implant-supported prosthesis
framework materials on stress distribution in peri-implant bone.

M at e r ia l s

and

Methods

The present study was conducted in the Department of
Prosthodontics and Crown & Bridge, Kalinga Institute of Dental
Sciences, Bhubaneswar in association with School of Mechanical
Engineering, KIIT- DU. Five 3-D FEA models were designed for
the 3-unit mandibular implant-supported fixed dental prosthesis
of five different Mat, respectively.

Designing FEA Models
Virtual solid models of the implants and the mandible were made
using SOLID WORKS software and then transferred to ANSYS
Workbench for FEA. An ADSC model was chosen as a reference
which provided guidance to construct the model in SOLIDWORKS
software. A 40 mm x 30 mm x 20 mm bone was modeled as a
cancellous core surrounded by a 2 mm thick cortical layer. These
qualities simulated the D2 type of bone that is commonly witnessed
in the posterior mandible for implant placement. Fragments with
an implant positioned in the first mandibular premolar sites and
first mandibular molar site were designed, that is, 44 and 46. All
interfaces between implants and the bone were assumed to be
in direct contact.

Type of Prosthesis Model
A 3D scanned digital models of solid tapered screw type OSSTEM
implants with dimensions 4.5 mm x 10 mm were imported in “STL.”
format. The implants were created with an internal hex connection.
A three-unit fixed dental prosthesis was designed from 44 to 46.
Total five implant prosthetic meshes (virtual model) of M1, titanium
framework (M2), zirconia framework with ceramic layering (M3),
full-contoured M4, and a full-contoured PEEK prosthesis (M5),
respectively were created using inherent mechanical properties
as enlisted in Table 1.

Forces Applied and von Mises Stress
Statistical Analysis comprised of von Mises Stress Analysis, ANOVA,
and optimization of FEA results. The values of the von Mises stress
generated in the prosthesis, abutment, implant, and supporting
alveolar bone were calculated. For comparison vertical (300N),
horizontal (150N), and oblique forces (60N) were virtually applied.
The von Mises stresses were used as key indicators to evaluate
stress levels at implant-bone interface. Total deformation (Dl)
and stress distributions in the bone with respect to prosthesis
type were recorded, calculated, and compared. After the result of
FEA was obtained, “Optimization” of the results was performed.
The responses were optimized through SNR concept of Taguchi
Technique using MINITAB 17 software technique. Optimization
criteria for all the three responses, Dl, and two stress values in cortical
as well as cancellous bone in and around implants (Deformation, Eq.
Stress-3, and Eq. Stress-4, respectively) were analyzed.
Taguchi optimization technique is a statistical analysis technique
that helps in determining the perfect combination of input factors
in which the “Optimized” value of the result is the best. Design
optimization is one of the largest attributes of FEA as it aids in gaining
a strong understanding of the performance of any product. It is one
of the recent advancements in FEA and the dental research related to
it statistically determines the best combination of parameters that can
be used to minimize risk and detrimental effects. In the present study,
there were two major parameters used—Mat and applied forces (W).
And three results—D1, Stress 3 (stress in peri-implant cortical bone),
and Stress 4 (stress in peri-implant cancellous bone). These input
parameters were known as “Factors” in the optimization procedure. The
results obtained, that is, the von Mises stress and Dl were “Responses.”
It is 2-factor 4-level mathematical problem. Four Mat [Cobalt-chromium
(Co-Cr), Titanium (Ti), Zirconia (Zr), PEEK], and 4 forces [300N vertical,
150N (oblique), 60N (horizontal), 300N vertical (dummy)] were used. A
300N dummy force was used since factor 1 (Mat) was 4 in number and
the technique requires an equal number of factors.
Statistical analysis was performed using von Mises Stress
Analysis, ANOVA followed by optimization of FEA results.

Table 1: Different mechanical properties assigned to the FEA models to carry out the analysis
Density (g/cm3)

Modulus of elasticity (GPa)

Poisson’s ratio

Cortical bone
Cancellous bone
Titanium
Cobalt-chromium
Zirconia
Ceramic
Monolithic zirconia

1.64
0.64
4.51
8.42
5.86
2.45
5.86

13.7
1.37
110
218
269
61.2
269

0.3
0.3
0.35
0.33
0.25
0.19
0.25

PEEK

1.32

3.6

0.39

Materials
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R e s u lts
All the five prosthesis types showed dissimilar stress distribution
(cortical and cancellous) and Dl under vertical loading. Compared
to the M1 (control group), PEEK reported maximum deformation in
peripheral bone and along with zirconia showed fewer stresses in
cancellous bone. Under horizontal loading, the zirconia prosthesis
caused less Dl and peri-implant stress compared to M1 (Figs 1 and 2).
Under the influence of oblique forces, all of them except PEEK
showed less stress in the surrounding bone (Fig. 3). Therefore,
horizontal and oblique forces gave aggressive stress patterns for
PEEK, particularly in cancellous bone. On the contrary, the zirconia
framework generated less peripheral stress compared to all the
other types. Also, similar results were obtained where zirconia
framework material and full contour M4 were used as the core
material was identical.
Table 2 is suggestive of Dl and stress patterns as obtained in
FEA models with different prosthetic materials under the vertical
load of 300N, a horizontal load of 60N, and an oblique load of
150N, respectively. Von Mises stress patterns are depicted in
various color variations in FEA. The maximum values of stress and
deformation are in red, orange, yellow, and green and are mostly
seen concentrated towards the neck of the implant in the crestal
bone. On reaching apically, the stress is reduced to a minimum
or almost negligible as denoted by color coding blue. This is
suggestive of minimal stress that is produced and negligible Dl takes
place in the peri-apical bone surrounding the implant. Moreover,
it is shown that stress patterns developed in the region of 44 (first
premolar) are more concentrated and higher than those in the 46
(molar) region. A statistical significant difference was observed with
a one-way ANOVA unpaired t-test (p < 0.0001).

Optimization Results
•

The SNR values of the responses and their main effects plots
are presented in Figure 4. Signal and noise- signal is a factor
that is the most desirable response according to the research.
Noise is a factor that is the least desired response according to

the research. The optimization rule of this study is “Minimal is
Best.” Therefore, in the present study, the signal was the material
of the prosthesis and the force which causes the least amount
of Dl and von Mises Stress 3, Stress 4. Whereas, noise is the
one that causes the most amount of Dl and von Mises Stress
3 and 4. Response Table for SNRs of Dl, Stress 3, and Stress 4 are
presented in Table 3.
*Delta value is the difference between maximum and minimum
values of the responses. A higher S/N ratio corresponds to better
quality characteristics. Since the delta value of the Force (W) is
more, it has been given Rank 1 and prosthetic material (Mat) is given
Rank 2. This implies that oral forces applied to the prosthesis are way
more important parameters as compared to prosthesis materials,
in determining the amount of Dl, and von Mises stress that takes
place in the peri-implant bone.

Main Inference
The highest SNRs existed at third levels of material and load (zirconia
and horizontal load) for Dl and Stress 4. It implies that the third
level of material, that is, zirconia, and the third level of load, that is,
60N (horizontal) are the optimized parameters for Dl and stress in
cancellous bone. But for stress in the cortical bone, the optimized
parameters are the fourth level of material, that is, PEEK, and the
third level of load, that is, 60N (horizontal). Hence the optimized
combination was zirconia and M4 prosthesis materials subjected to
60N force horizontally when Dl and stress in cancellous bone were
concerned.

Discussion
Several studies have determined the factors that affect stress
imparted to the bone present proximal to the implant such as the
bone type, the diameter of the implant, the design of the connection,
as well as the material of the framework, etc.5 However, the present
study concentrates on the influence of implant-supported
prosthesis framework materials on the peri-implant bone. FEA was

Figs 1A to D: Total deformation and stress distribution in the peri-implant bone under vertical forces of zirconia framework and full-contoured
monolithic zirconia in (A) Cortical bone; (B) Cancellous bone and full-contoured PEEK prosthesis in (C) Cortical bone; (D) Cancellous bone
S60
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Figs 2A to D: Total deformation and stress distribution in the peri-implant bone under horizontal forces of zirconia framework and full-contoured
monolithic zirconia in (A) Cortical bone; (B) Cancellous bone and full-contoured PEEK prosthesis in (C) Cortical bone; (D) Cancellous bone

Figs 3A to D: Total deformation and stress distribution in the peri-implant bone under oblique forces of zirconia framework and full-contoured
monolithic zirconia in (A) Cortical bone; (B) Cancellous bone and full-contoured PEEK prosthesis in (C) Cortical bone; (D) Cancellous bone

conducted to obtain Dl and von Mises stress distribution in cortical
and cancellous bones around implants and further determine the
best prosthetic material of choice under various loading protocols.

Framework Material
Over the years, it has been noticed that the most frequently used
material for designing the framework of the implant-supported
prosthesis is metal alloys. In this study, the most commonly used
prosthesis framework materials were chosen and also the recent
advancements in them. The mechanical properties of Co-Cr

include high rigidity (high elastic modulus), high strength, excellent
bonding with ceramic, corrosion resistance, and low cost.6 Its
hardness and casting difficulties contribute to increased chair side
time for finishing and polishing.7 The longevity of Co-Cr alloys in
fixed prosthodontics is also debatable.8 There has been concern
related to the biocompatibility of Co-Cr and the risk associated
with ground dust inhalation while laboratory stages.9 Sertgoz
reported cobalt-chromium for the implant superstructure and
porcelain for the occlusal surface as the optimal combination in
his study.10 In contrast the present study recommends zirconia
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Table 2: Total deformation and stress in cortical and cancellous bone in different models
Total deformation
(mm)

Stress in cortical bone
(MPa)

Stress in cancellous bone
(MPa)

Cobalt-chromium
Titanium
Zirconia and monolithic zirconia
PEEK
Cobalt-chromium
Titanium
Zirconia and monolithic zirconia
PEEK
Cobalt-chromium
Titanium
Zirconia and monolithic zirconia

0.004,4214
0.004,5622
0.004,3979
0.011,444
0.001,0377
0.001,1065
0.001,0218
0.003,3018
0.003,4804
0.003,5246
0.003,3364

2.7191
2.764
2.7119
3.3017
0.29,153
0.28,841
0.29,255
0.2284
1.4689
1.4031
1.4133

8.3143
8.3201
8.3026
8.1757
4.5204
4.72,646
4.4756
8.3615
15.71
15.489
15.169

PEEK

0.016,263

1.1762

21.366

Load

Prosthesis material

Vertical

Horizontal

Oblique

Table 3: Results of FEA analysis and SNR (results were calculated using the mean value of total deformation (DI), Stress 3, and Stress 4 for each
material (Mat) and each force/load (W)
Total deformation
(mm)

Stress in cortical
bone
(MPa)

Stress in cancellous
bone
(MPa)

SNR
DI

SNR
Stress 3

SNR
Stress 4

Sr. No.

Mat.

Force
(W)

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.

Co-Cr
Co-Cr
Co-Cr
Co-Cr
Ti
Ti
Ti
Ti
Zr
Zr
Zr
Zr
PEEK
PEEK
PEEK

300
150
60
300
300
150
60
300
300
150
60
300
300
150
60

0.004,4214
0.003,4804
0. 001,0377
0.004,4214
0.004,5622
0.003,5246
0.001,1065
0.004,5622
0.004,3979
0.003,3364
0.001,0218
0.004,3979
0.011,444
0.016,263
0.003,3018

2.7191
1.4689
0. 29,153
2.7191
2.764
1.4031
0. 28,841
2.764
2.7119
1.4133
0. 29,255
2.7119
3.3017
1.1762
0.2284

8.3143
15.71
4.5204
8.3143
8.3201
15.489
4. 72,646
8.3201
8.3026
15.169
4.4756
8.3026
8.1757
21.366
8.3615

47.0888
49. 16,742
59. 67,856
47.0888
46. 81,651
49.0578
59. 12,097
46. 81,651
47. 13,509
49. 53,444
59. 81,268
47. 13,509
38. 82,844
35. 77,599
49. 62,498

−8. 688,5036
−3. 339,8446
10. 706,3349
−8. 688,5036
−8. 830,7608
−2. 941,7725
10. 799,7937
−8. 830,7608
−8. 665,4734
−3. 004,6872
10. 675,998
−8. 665,4734
−10. 374,752
−1. 409,6235
12.826,078

−18.396,5138
−23.923,5237
−13.103,5373
−18.396,5138
−18.402,5709
−23.800,4676
−13.490,7197
−18.402,5709
−18.384,2823
−23.619,139
−13.017,0253
−18.384,2823
−18.250,4989
−26.594,4645
−18.445,6839

16.

PEEK

300

0. 011,444

3.3017

8.1757

38. 82,844

−10. 374,752

−18. 250,4989

as the most optimized combination owing to minimal stress in
peri-implant bone. Titanium and its alloys have good resistance
to corrosion and low allergic potentials.11 M2s on dental implants
exhibit marginal bone loss as compared to gold alloys after 15 years
in function.12 Hence, titanium was also included in this study as it
was a stronger material with an amazing bio-compatibility.

Full-contoured Monolithic Superstructures Used in
Implant Prosthesis
A clinical study was performed on patients who received zirconia
frameworks with ceramic veneering and reported chipping
rates were 71% in the study group whereas no framework
fracture was reported leading to the inference that M4 was a
better implant-supported framework material than layered
zirconia.13 This is so because the intermediate layer is absent which
is most vulnerable to undergoing adhesive fracture. Very recently,
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the world has been focusing on PEEK and its use in prosthodontics
and implantology. PEEK which is a thermoplastic material belongs
to the class of polyaryletherketone. Clinical long-term studies
are rare with PEEK, it has been used for the fabrication of dental
implants, provisional abutments, implant-supported bars,
clamps for removable prostheses, and fixed dental prosthesis.
Its stiffness quotient is similar to that of human bone.14 The low
density makes the prosthesis very light in weight as compared
to Ni–Cr, titanium, etc. This was the major criteria to include PEEK
in the present study.

Influence on Peri-implant Bone
In this study, finite element models of mandibular segments (bone
type D2) were assumed with a rectangle block containing natural
teeth and implant-abutment units as well as prosthesis in various
designs. The neck of the implant body is prone to maximum stress
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Fig. 4: Graphical representation of the best-optimized factor. *Delta value is the difference between maximum and minimum values of the responses.
For the desirable optimization result, the Signal to Noise ratio (SNR) should be more. Since the delta value of the force (W) is more, it has been
given Rank 1 and prosthetic material (Mat) is given Rank 2. The area of the graph is seen more for (W), that is, force showing the influence of force
is more than the material of the prosthesis

and was independent of bone height and implant length. This also
elucidates the recent usage of short implants in implant dentistry.
The present study was in agreement with the investigations of
both Papavasiliou et al. and Sevimay et al. suggesting higher crestal

stresses(neck) than apical stresses under all conditions.15,16 The
probable reason attributes to the difference in the elastic modulus
of the cortical and cancellous bone, and the location of the
rotational center at the cortical bone level.17
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The von Mises Stress Analysis and its Inference
According to some studies the stiffer a material, the more load
it will attract.18 Accordingly cobalt-chromium and titanium
attracted more stress, and zirconia and PEEK attracted the least
stress. Zirconia and M4 were mathematically proven to cause the
least amount of bone deformation and stress in the peri-implant
bone. Cobalt-chromium prosthesis material caused less stress
compared to Titanium. However, on further reviewing the
literature it was found that in zirconia frameworks, chipping of
overlay ceramic was common. Hence to overcome this clinical
disadvantage, M4 was proven to be the best material among all
four prosthetic materials.
Lee et al.19 compared Zr, Ti, and PEEK frameworks for a
maxillary four-implant-supported prosthesis. High-rigidity
prostheses are recommended because the use of low elastic
moduli alloys for the superstructure predicts larger stresses at the
bone-implant interface on the loading side than the use of a rigid
alloy for a superstructure with the same geometry. In this study,
the results were in agreement with the above-mentioned studies
and it was found that PEEK although a less rigid material caused
a significantly large amount of stress in the peri-implant bone as
compared to zirconia and other framework materials. Therefore,
the null hypothesis that there was no statistically significant
difference between different implant-supported prosthesis
framework materials on stress distribution in peri-implant bone
stands rejected.
The optimization procedure gave a more effective and
precise combination of specified parameters in predicting better
clinical performance. This helped to save time, reduce errors
and avoid duplicate work. The paper addresses a combined
method of structural optimization and FEA to minimize stress and
deformation constraints in the prepared models by offering a strong
understanding of their performance. The scope of the study stands
meaningful in achieving structural optimization in support of the
most effective experimental model.

more dependent on occlusal forces applied to the prosthesis
than the material of the prosthesis. However, in clinical and
real-life scenarios, we cannot control the magnitude of forces
on the implant-supported prostheses. But by providing an
implant-protected occlusion, these detrimental forces can be
effectively minimized.
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