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Abstract: Dental trauma is a serious and highly prevalent health issue across the globe. Most of the
frequent dental injuries result in the loss of teeth and affects the overall quality of life. The loss of a
tooth is usually compensated by a dental implant. The common methods adopted while placing the
implant tooth are platform switching and platform matching. A plethora of works has studied the
qualitative performance of these methods across different situations clinically. However, a detailed
comparative work studying in-depth the mechanical parameters has not been attempted yet. In this
computational work, two commonly available different platform-switched and one platform-matched
implant-abutment configurations were compared. A 3D model of an implant (5.5 x 9.5 mm) was
designed and inserted into a human mandibular bone block using computer-aided design (CAD) and
extracting the clinical imaging data. Three separate models of implant-abutment configurations such
as Platform Switched (PS)-1, a 5.5 mm implant with a 3.8 mm wide abutment, Platform Switched
(PS)-II, a 5.5 mm implant with a 4.5 mm wide abutment, and Platform Matched (PM), a 5.5-mm
implant with a 5.5 mm wide abutment were analyzed. Clinically relevant vertical-, horizontal-, and
oblique-type of occlusal loadings were applied to each model to characterize the mechanical response.
Mechanical parameters such as von Mises stresses, deformations, and strain energies were obtained
using finite element modeling (FEM). These parameters showed lower values for platform switching
within the peri-implant bone and that may help to limit marginal bone loss. However, the same
parameters were increasing more in the abutment, implant, and screw for the platform-switched
implant configuration than that of platform-matched configuration. The computational framework,
along with the results, are anticipated to guide the clinicians and medical practitioners in making
better decisions while selecting the commonly available methods.

Keywords: abutment; platform switching; reverse engineering; micro-CT; mechanical parameters

1. Introduction

Human body requires different types of implants for the replacement of missing
organs or body parts. Out of these implantations, dental implants are being used to replace
missing teeth for masticatory and aesthetic purposes. In the start of the 20th century, 5 mm
to 6 mm diameter dental implants were introduced with abutments of the reduced diameter
of 4.1 mm, because of the unavailability of a matched-diameter abutment. Then, such a
mismatched combination of the abutment-implant was termed as “platform switching” or
“platform shifting” [1]. Now, the design of most of the conventional implants are turned
towards the platform-switched model because of its expansion over the prevention of crestal
bone loss [2]. Vigolo and Givani, in a five-year prospective clinical trial, concluded that
platform-switching implants showed significantly less crestal bone loss [3]. Canullo et al.
in a clinical study reported that platform-switching implants result in better maintenance

Computation 2023, 11, 79. https:/ /doi.org/10.3390/ computation11040079 https://www.mdpi.com/journal /computation


https://doi.org/10.3390/computation11040079
https://doi.org/10.3390/computation11040079
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/computation
https://www.mdpi.com
https://orcid.org/0000-0002-5686-8904
https://orcid.org/0000-0002-9145-7799
https://doi.org/10.3390/computation11040079
https://www.mdpi.com/journal/computation
https://www.mdpi.com/article/10.3390/computation11040079?type=check_update&version=2

Computation 2023, 11, 79

20f15

of crestal bone levels [4]. Similar conclusions were observed in several systematic reviews
and meta-analyses of studies performed to assess the effect of platform switching on
marginal bone [5,6]. The design of implants, their diameter, material properties, and
surface characteristics are the factors influencing stress in the peri-implant bone [7-10].

Platform matching is clinically more practical because switching requires larger-sized
implants to be inserted if standard-sized abutments are to be used. Clinically, this is
not always possible, due to compromised bone width [11]. Smaller-diameter abutments
are required if implants of the normal size are inserted, which may affect the emergence
profile, particularly in anterior cases [12]. Therefore, in such cases, platform matching
is indicated. Baggi et al. reported on the implant diameter as the primary influencer
of the stress concentration in the cortical bone around the implant neck, instead of the
implant length [13]. Lazzara and Porter, in their clinical study, concluded that the long-term
preservation of marginal bone was better in some patients with platform switching [14].
The mismatched diameters between the implant and crown support have been reported to
decrease the overall resorption of the peri-implant bone significantly [15-17].

In addition to analyzing the stress distribution in peri-implant bone and natural or
restored teeth, the finite element model (FEM) has been extensively utilized to assess the
biomechanical behaviour of orthodontic appliances, fixed prostheses, whole dentures, and
dental implants [18-21]. The implant-abutment relationship was found to be crucial for
long-term clinical success in a prior study [22,23], but other investigations found that stress
decreased as the implant diameter increased [24,25]. Further, a study reported a novel
conical dental implant connection that produced lower maximum stress values on the
implant components as well as the tissues around the implant [26]. It is proposed that the
platform-switched implants can offer additional surface area for the growth and attachment
of soft tissues, which could be helpful in establishing the biological width in order to
achieve outstanding superficial results [27,28]. However, the vertical bone loss with the
platform-switched configuration is significantly less during the first year of loading [29].
The specific design of platform switching, with the use of a lesser-diameter abutment,
shifts the perimeter of the implant-abutment junction inwards and converges the edge of
the implant-abutment connecting surface towards the central axis of the implant [14]. In
2009, Hsu et al., in his three-dimensional finite element analysis, found that, in reduced
platform restorations, the loading forces transmitted to the bone—-implant interface in the
immediately loaded implant model were reduced by 10% [30].

For fracture propagation issues that are characterized by a phase-field technique,
Khodadadian et al. [31] proposed a framework for parameter estimation. A Bayesian
technique is used to estimate crack propagation. Here, the crucial energy release rate
and uncertainty related to the solid material properties were extensively studied. THE
Bayesian inversion technique was used to solve the coarse mesh and fit the parameters. For
a number of mechanical issues, Noii et al. [32] used Bayesian inversion and investigated its
applicability in improving model accuracy. Seven distinct boundary value issues in coupled
multi-field (and multi-physics) systems were applied. A detailed modelling was performed
by considering both rate-dependent and rate-independent equations. Additionally, open-
source programs were presented which can be useful for upcoming advances for issues
such as multi-field coupled problems.

The current research aims to compare and contrast the biomechanical effects of a
5.5 mm diameter implant with abutments of two different platform-switched (3.8 mm
and 4.5 mm) and one platform-matched (5.5 mm) diameter. In this study, a commercially
available dental implant system (XIVE Plus [Table 1]), with two platform-switched con-
figurations and one platform-matched configuration, has been adopted. The micro-CT of
the implant and prosthetic components has been performed to ensure the accuracy of the
geometrical model. Three distinct implant-abutment configurations subjected to various
loading conditions (magnitude and direction) were examined using modelling data, and
stress, deformation, and strain energy analyses using an Ansys Standard solver (Ansys
17.2) were performed. In order to obtain more precise results, i.e., stress and deformation



Computation 2023, 11, 79

30f15

along with strain energy, we discretized the model (PS I, PS II, and PM) of XIVE Plus and
the cortical and cancellous bone with a high number of elements and nodes. Previous
literature, which primarily focuses on stress analysis in platform switching, contains very
few research works on deformation analysis. In this article, the strain energy, stress, and
deformation are contrasted. The results offer an in-depth comparison of numerous aspects
that reflect the outcomes.

Table 1. Specifications of the dental implant system.

Component Company/Brand
Implant D5.5/1.9.5 XIVE S Plus
Esthetic-Based Straight Abutment I D 3.8 XIVE S Plus
Esthetic-Based Straight Abutment II D 4.5 XIVE S Plus
Esthetic-Based Straight Abutment III D 5.5 XIVE S Plus

2. Materials and Methods

The present study is carried out to investigate the stress distribution, deformations, and
strain energy in the peri-implant bone (cortical and cancellous bone), implant, abutment,
and screw due to different platform-switched and platform-matched configurations using
finite element analysis (FEA). The null hypothesis of this research paper was proposed
that platform-switched abutment-implant connection system would provide statistically
significant reduction in peri-implant crestal bone loss as compared to that in the case
of platform-matched abutment-implant connection system. The implant is made up of
commercially pure titanium (Ti-55), and the abutment and screw are made of titanium
alloy (Ti6Al4V) with higher mechanical strength with structural integrity. The analysis
is carried out on the right mandibular edentulous molar region. A flow diagram for the
whole analysis is shown in the Figure 1.

Image \

CAD Model

Mesh Model

Support
Model

L e

FEA Model

Figure 1. Flow diagram of development of CAD model and FEA analysis: (i) Diacom image data;
(if) CAD model; (iii) mesh model; (iv) support model; and (v) FEA model.

The 3D model of mandible of a patient was obtained from an available cone-beam com-
puted tomography (CBCT). The DICOM (.dcm) files of the CBCT were used to obtain the
3D model of mandible bone using Materialise Mimics Medical version 21.0 (MMM ver.-21.0)
and 3-Matic Medical version 13.0 (3-MM ver.-13.0). The cross-section of the mandibular
right first molar region was taken as reference for the bone model. A sectional 3D model of
mandible bone was imported into Solid Works with dimensions 25 mm x 15 mm X 8§ mm
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of height, width, and thickness, respectively. The bone block was modeled such that there
is a core of cancellous bone surrounded by 2 mm of cortical bone. The surrounding gingiva
and soft tissues are excluded from the study as the effect of occlusal loading was assumed
as negligible on the soft tissues.

Commercially available implant and abutment per the details in Table 1 was used
in the present analysis as depicted in Figure 2. The diameter and length of implant were
5.5 mm and 9.5 mm, respectively. The three aesthetic-based abutment (internal hex) having
diameters of 3.8 mm, 4.5 mm, and 5.5 mm was used in this study. Using these implant
and abutments, two models of platform-switched and one model of platform-matched
configurations were obtained. These three model configurations were categorized as:

e  PSI: platform switching of 0.85 mm using 3.8 mm diameter abutment;
e  PSII platform switching of 0.5 mm using 4.5 mm diameter abutment;
e  PM: no platform switching (platform matching) using 5.5 mm diameter abutment.

l f I l«—:\hutmcnt

Screw

Implant

Cancellous Bone

Cortical Bone

3.8 mm

—>
5.5 mm

‘h

9.5 mm

!

PS1 PS 11 PM

Figure 2. CAD model of assembly (abutment, screw, implant, cancellous, and cortical bone) generated
for PS1, PS1I, and PM configuration.

To obtain a detailed and precise CAD model of all three configurations, micro-CT was
performed with SCANO MEDICAL micro-CT-50 setup. The DICOM files obtained were
imported into MMM ver.-21 and 3-MM ver.-13.0 to obtain 3D model. These models (PS1,
PS II, and PM) were imported into the Solid Works software for finalizing 3D CAD models.
(Figure 2).

The 3D CAD assembly model was imported into Ansys-17.2 for FEA simulation.
Majority of finite element studies makes the assumption that the abutment, screw, implant,
cortical bone, and cancellous bone can be considered to be homogeneous, isotropic, and
linearly elastic materials [33,34]. While there are few experimental data available, this
Poisson’s ratio property seems to hold true for bone. In specimens of vertebral body
cancellous bone, McElhaney et al. reported a Poisson’s ratio of 0.14 (S.D. £ 0.09) [35].
Poisson’s ratio in cortical bone is estimated to be roughly 0.38 based on data from Reilly
and Burstein [36], despite the fact that this ratio is unquestionably dependent on the
direction of loading due to bone anisotropy. We made the assumption that Poisson’s ratio
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is a linear function of apparent density and follows as in Equation (1) based on these two
earlier investigations:
v=015p+0.13 (1)

where apparent density (p) is expressed in g/cm? and (v) as Poisson’s ratio [37]. Instead of
“elastic modulus,” the 2-rank stiffness tensor must be taken into account for anisotropic
materials but, in general, the Poisson ratios (v) are not symmetric [38]. Most of the literature
have used variety of the metals with varying grades having Poisson’s ratio of mandibular
bone, i.e., cortical bone (0.3) and cancellous bone (0.3), and Poisson’s ratio for different
grades of titanium and titanium alloys (Grade I, Grade II, Grade III, and Grade IV) in the
range of 0.31-0.37 [39-44].

An Ansys Standard solver was used to analyze modeling data and perform the
stress, deformation, and strain energy analysis in the implant systems subjected to nine
different loading conditions as shown in Figure 3. In the ANSYS Workbench, two types of
displacements were pre-programed (i.e., total deformation and directional deformation).
In this work, total deformation was used to model the computational framework.

Figure 3. Boundary conditions used in the computational framework. The red arrows show the
loading di-rections considered in each simulation.

The total deformation (U) considers the fixed node(s) as the origin and computes the
vectorial deformation the model has undergone [45]. Figure 4 represents the calculation
of the displacement vector for a symmetric model. Equation (2) represents the method to
calculate the vectorial displacement.

U= /uz+uz+uz 2)

N\
AN

Figure 4. Calculation of the displacement vector for a symmetric model.
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As the geometries considered in this work were nonlinear (i.e., asymmetric), the dis-
placements were modelled assuming a large strain output [46]. The applied loads acting on
the models displaced it from one position to another (Figure 5). This motion can be defined
by studying a position vector in the deformed {x} and undeformed {X} configuration. In
the below Equation (3), [I] represents the identity matrix, and [F] represents the deforma-
tion gradient which includes the volume change, rotation, and the shape change of the
deforming body.

Al =1+ 515 ®

Deformed

Undeformed

Figure 5. Calculation of the displacement vector for a geometrically nonlinear model.

Moreover, this work considered each solid model as a linear, isotropic, and elastic
material; only the Young’s modulus (E) and the material’s Poisson’s ratio (v) were sufficient
to model the material properties. It is well-known that the elasticity tensor has two
independent components, i.e., shear (G) and bulk modulus (K). Hence, these moduli were
automatically calculated by employing the following Equations (4) and (5):

E

C= 31y @)
E

K= 30— ©

We would also like to clarify that this work only studied the structural analysis and
other analysis domains (i.e., thermal, modal, etc.) were not taken into account. Hence, a
decoupled framework was considered. However, future studies, including additional and
realistic boundary conditions such as thermal and modal analyses, could further increase
the overall accuracy of the study. Moreover, linearization of the state-space equations was
performed using the Taylor series expansion which finally leads to a continuous-time linear
dynamical system.

The material properties were imported in to the Ansys software as given in Table 2.
The three different loading conditions such as vertical, horizontal, and oblique loadings
were applied on the occlusal surface of the abutments. Whereas, Table 3 shows the types of
loading and its respective magnitude for different conditions. The models were meshed
using tetrahedral elements having a 20-node SOLID186 formation as depicted in Table 4.
As implemented by Gupta et al. [47,48], this particular element category has been observed
to accurately account for large deformations and contact conditions. For a direct and
systematic comparison, the same boundary conditions, loading conditions, and constraints
were applied in each situation. We have clarified the boundary conditions in detail. The
bone block was fixed in three planes on the lateral surfaces while the base was maintained
as free or suspended, with loading conditions, and constraints (direct contact, which means
that the contact avoids penetration, sliding, or movement between the surfaces).
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Table 2. Mechanical properties of materials [49].

. Young Shear . .
Material 3(;12?; Modulus Modulus Yle(llSHS)Sess Pﬁ?tizn
(MPa) (MPa)
Cortical bone - 13,400 5153.8 69 0.30
Cancellous bone - 1370 526.92 8 0.30
Titanium alloy
(TI6AI4V) 4428.8 104,800 40,000 875 0.31
CP Titanium
(Ti-55) 4500 105,000 38,321 462 0.37
Table 3. Type of loading and magnitude.
Type of Loading Magnitude of Load (N)
Vertical (V) 50 100 150
Horizontal (H) 50 100 150
Oblique (OB) 70.711 141.42 212.13

Table 4. Number of nodes and elements of all the components in PS I, PSII, and PM.

PSI PS1II PM
Name of Parts Element No. of No. of No. of No. of No. of No. of
Size (mm) Elements Nodes Elements Nodes Elements Nodes
Abutment 0.3 28,057 44,347 40,534 61,914 57,021 84,811
Cancellous Bone 0.4 208,907 293,542 208,907 293,542 208,907 293,542
Cortical Bone 0.4 131,591 193,133 131,591 193,133 131,591 196,133
Implant 0.3 47,805 71,857 47,805 71,857 47,805 71,857
Screw 0.2 17,472 26,282 17,472 26,282 17,472 26,282
Total no. of 433,832 629,161 46,309 646,728 762,796 669,625

elements and nodes

The data of mechanical parameters such as von Mises stress, deformation, and strain
energy for the dental implant system were recorded for 108 simulated studies of three
models (PS I, PS1I, and PM), with 27 analyses of each component (abutment, implant, screw,
and peri-implant bone) which includes 9 analyses each of stress, deformation and strain
energy under three individual loadings on the occusal surface of abutment as mentioned in
Table 3.

3. Results
3.1. Stress Analysis

The stress analysis of the dental implant system (abutment, implant, screw, and peri-
implant bone) for three different model configurations, i.e., PS I, PSII, and PM, has been
carried out under vertical (V), horizontal (H) and oblique (OB) static load at an angle of
45° to “V” as shown in Figure 3. Figure 6 represents the stress analysis of (a) abutment,
(b) implant, (c) screw, and (d) peri-implant bone for PS I, PS II, and PM configuration
under different loading conditions. Figure 6a shows the effect of loading on the stress
development in the abutment. As expected, applied load increases the stress in all cases,
irrespective of model configuration. However, the amount of stress generated was strictly
dependent on both the model configuration and angle of the load. Another interesting
result was observed in all four components, with a similar pattern in stress, where “H”
leads to a maximum stress, followed by “OB”, and “V” generated the least stress.

The simulation study shows another striking similarity in all four components, that the
increase in applied load by 5 times resulted in an increase in stress when “H” was applied of
about 3 to 4 times, about 2 times when “OB” was applied, and about 1.3 to 1.5 times when
“V” was applied. In the abutment, implant, and screw, the stress generated was higher
for PS I than PSII, and lowest for the PM model. The reason may be that, as the value of
platform switching (PS) increases (diameter of abutment reduces), the load is concentrated
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along the axis of the model configuration [25]. Therefore, the lower diameter abutment
has higher stresses. Surprisingly, this stress trend was in the reverse order, i.e., maximum
stress generated for PM than PS 11, and least for PS I in the peri-implant bone. This may be
due to the radiation of stresses towards the circumferences of the implant and abutment.
Equation (6) represents the method used to calculate the stress across each component.

1 2 2 2
oM = 5 {(01 —02)" + (02 —03)" + (03 — 01) } (6)
000
! (b) Implant
- T L BSibS .
& S 10
=
o
@ o
A =
» @
@ @ 10| = ) .
& » - Horizontal Loading
4 60 8 100 120 140 160 4 60 80 100 120 140 160 Oblique Loading
Applied Load (N) Applied Load (N) Vertical Loading
1000
1000, ,
IE (c) Screw (d)PeriimplantBone 5 e verscal loading
% === PS Il under Vertical loading
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Figure 6. Graphs representing stress analysis of (a) abutment, (b) implant, (c) screw, and (d) peri-
implant bone for PS I, PS II, and PM configuration under different loading conditions.

3.2. Deformation Analysis

The deformation analysis of the dental implant system (abutment, implant, screw, and
peri-implant bone) for three different model configurations, i.e., PS I, PS II, and PM, was
carried out under vertical (V), horizontal (H), and oblique (OB) static load at an angle of 45°
to “V” as shown in Figure 3. The deformation analysis was employed only to compare the
different platforms for the dental implant restoration process. This metric was also used to
analyze the areas which experienced high deformations when the load was simulated. Due
to this, analyses considering the elastic and plastic regions were not considered. Future
studies including a detailed study defining the elastic and plastic zones of the considered
models could further help in selecting a better platform for patient-specific requirements.
The trend of the graph in Figure 7 shows that the deformation on the abutment (7a), implant
(7b), screw (7c), and peri-implant bone (7d) is increasing with the increment of the vertical,
horizontal, and oblique load for all three configurations. The maximum deformation
was found under horizontal loading and the minimum under vertical loading with the
intermediate amount under oblique-loading conditions.

It was further noticed that the maximum deformation was for PS I in the case of
abutment, implant, and screw, and the minimum in the case of the platform-matched
(PM) configuration under all three loadings. However, a reverse order of deformation was
recorded for the peri-implant bone (crestal bone level), i.e., maximum deformation for
platform-matched configuration (PM) and minimum for the PS I configuration, because in
the PM configuration, the loading effects are more at the crestal bone rather than the central
axis of the implant system. Hence, more resorption of bone results in PM configurations.
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Figure 7. Graphs representing deformation analysis of (a) abutment, (b) implant, (c) screw, and
(d) peri-implant bone for PS I, PSII, and PM configuration under different loading conditions.

3.3. Strain Energy Analysis

The strain energy stored in the dental implant system under different loading con-
ditions was also analyzed under this study. Figure 8 shows that the strain energy on the
abutment (8a), implant (8b), screw (8c), and peri-implant bone (8d). The variation of strain
energy has a similar trend as the variation of stresses and deformations in the components.
The trend shows that the strain energy is increasing with the load. PS I experiences the
maximum strain energy and PM the minimum for the abutment, implant, and screw, and
the reverse trend was found for the peri-implant bone (crestal bone level), i.e., minimum
for PS I and maximum for PM. A surprising variation was seen for PS II under oblique
loading between 70.71 N and 141.42 N. Equations (7) and (8) represents the method used to
calculate the strain energy across each component in the simulated model.

10° 1 (a) Abutment ] 10° ¢ (b) Implant

) 2
T 10° %
= et = 10
2 g
' = 4o
= 10¢ = 10° |
E] o ’ :
@ 2 107 Horizontal Loading
& 100 -
.5 g 10
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102 i T . .
0 6 80 100 120 140 160 w s e wo 12 w 1w Vertical Loading
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A : 5 -
108 (c) Screw 10 [ (d) Per Bone S
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L | - PM undar Vertcal loading
3 | Y PS5 1 undar Borzantal laading
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PS Il under Ctique [oadng
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)
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i
3

‘w @ B 10 12 10 18 W @ W 10 2 140 180
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Figure 8. Graphs representing strain energy analysis of (a) abutment, (b) implant, (c) screw, and
(d) peri-implant bone for PS I, PSII, and PM configuration under different loading conditions.
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4. Discussion

Implant failure can occur due to biological, mechanical, and iatrogenic issues, and
improper patient education [50]. The geometry of the implant and prosthetic components
play a significant role in determining the biomechanical aspects of implant therapy. The
resorption of the peri-implant bone on occlusal loading can lead to implant failure due to
the loss of the bone-implant contact [51]. During the first year of function, a crestal bone
loss of 1.2 mm occurs in almost all cases [52]. In a multicentric clinical study, the mean
vertical bone loss was less than 1.5 mm during the first year and 0.2 mm annually after the
first year of function irrespective of the one-stage or two-stage technique [53]. This crestal
bone loss depends on the diameter and the crest module (transosteal region) design of the
implant [54]. Therefore, the implant design should be such that it distributes the stresses
along the implant to the cancellous bone region and it should not exceed the mechanical
limits of the prosthetic components. Overloading and excessive stresses can lead to bone
resorption as well as mechanical fatigue of the implant, abutment, screw, and crown.

Underloading leads to disuse atrophy, resulting in bone loss [55,56]. The concept
of platform switching was introduced to control the loss of crestal bone. PS appears to
protect soft tissue and horizontal and vertical bone loss, according to a comprehensive
review and meta-analysis of 1239 dental implants [57]. A review of 15 articles found
that the PS approach is crucial for reducing crestal bone loss around dental implants and
emphasized the need for more large-scale, randomized controlled clinical trials. However,
performance was improved when abutment mismatches were greater than 0.45 mm [58].
Another one-year prospective study comparing 26 PS bone-level dental implants to 26 PM
tissue-level dental implants found that both procedures resulted in uniform bone loss in
the lower jaw, particularly in the area directly in front of the dental arch [59]. According to
recent prospective randomized clinical research, after one year of functional loading, dental
implants with PS and PM performed equally well in terms of radiographic and clinical
performance [60]. Platform-switched implants appear to have less marginal bone resorption
than non-platform-switched implants, according to most of the studies comparing the two
types of implants.

The crestal bone loss around platform-switched and non-platform-switched implants
was evaluated by Hiirzeler et al. [61]. In platform-switched implants, the average crestal
bone loss was 0.22 mm, compared to 2.02 mm in non-platform-switched implants. They also
came to the conclusion that a 0.45 mm reduction in the abutment on each side is adequate
in preventing implant-related bone loss. Another study by Cappiello et al. discovered that
vertical bone loss ranged between 0.6 and 1.2 mm (mean: 0.95 £ 0.32 mm) for platform-
switched individuals, while it was between 1.3 and 2.1 mm (mean: 1.67 &+ 0.37 mm) for
instances without PLS. Non-platform-switched implants experience an average bone loss
of 1-2 mm, while platform-switched implants experience little bone loss [62]. The above-
mentioned works of literature have consistently reported the effectiveness of the platform-
switching configuration in limiting the crestal bone resorption.

In line with these studies, results from the current study showed that PS (i.e., both I
and II) reported a maximum reduction of 26%, 58%, and 65% in stresses as compared to
the PM configuration across the peri-implant bone under vertical, horizontal, and oblique
loading respectively. Additionally, PS also reported a maximum reduction of 15%, 20%,
and 28% in deformation as compared to the PM configuration across the peri-implant bone
under vertical, horizontal, and oblique loading, respectively. Similarly, the strain energy
also showed a reduction of 10%, 64%, and 44% in PS as compared to the PM configuration
across the peri-implant bone under vertical, horizontal, and oblique loading, respectively.
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Specifically, we focused on the peri-implant bone as this location is prevalent in determining
the crestal bone resorption.

The biological width (the distance between the attached gingival tissues and crest of
bone around the implant) is maintained by soft tissues [63]. The main objective of platform
switching is to shift the implant-abutment interface away from the crest of the alveolar bone
and direct the stresses towards the center of the implant, thus away from the peri-implant
bone. With the concentration of forces, and thus stress and strain generated within the
implant and its components, the mechanical longevity and fatigue resistance of the implant
and its prosthetic components may decrease. Fatigue in dental implants is a multi-factorial
issue and, therefore, a probabilistic fatigue analysis is required for its prediction. Fatigue
life is defined as the number of stress cycles required to cause the fracture of the specimen.
It depends on the magnitude of stress, nature of stress, environment of fatigue, and the
biomechanical properties of the material.

Liu et al. performed a non-linear finite element analysis on platform switching [49].
They concluded that, with platform switching, there is reduction of the stress concentration
on the cortical bone around the implant but the risk of implant failure due to fracture is
increased as compared to the conventional platform matching design. Paul et al. evaluated
the strain in the bone by platform-switched (abutment—implant diameter difference of
1 mm) and non-platform-switched implants [64]. They found that micro strains of 50-3000
is exhibited by the platform-switching configuration, which are the ideal bone-remodeling
values of micro strain. The aim of this study was to compare the stress distribution,
deformation, and strain energy among two platform-switched and one platform-matched
model (PSI, PSII, and PM). A linear, static, 3 D finite element analysis was performed. FEA
has become an excessively useful tool for the evaluation of mechanical parameters which
is not possible in vivo. The maximum stress-generated area of the stress concentration
and the fatigue probability of different components can be predicted with FEA. In earlier
studies, simplified models were used. In this study, to obtain more relatable CAD models
for the actual implant and bone and accurate results, methods to replicate the bone and
implant and its components were used. For the CAD model of the bone block, the CBCT of
the patient was used.

For the implant models, PS I, and PS II, instead of medical CT, the micro-CT machine
was used so that the finite element model is the same replica of the implant-abutment
size, geometry, design, thread number, pitch of the threads, depth of the threads, crevice,
aesthetic base, and horizontal screw hole. In the analysis, the bone, implant, and abutments
were considered to be linear, elastic, homogeneous, and isotropic. The bite forces are differ-
ent in magnitude and location throughout the arch in different individuals. In edentulous
patients, the vertical component of bite forces ranges from 100 to 2400 N. The average value
of the bite force by patients treated with implants is reported to be 50 N and the maximum
value to be 150 N [65]. The highest magnitude of occlusal forces is experienced at the
mandibular molar regions, about four times that in anterior teeth [66]. The cross-section of
the mandibular right molar region was taken for the model of the bone block. The models
were subjected to 50, 100, and 150 N of single, static, vertical load, and 50 and 100 N of
single, static, horizontal load for the analysis. In a recent study by Carossa et al. [63], the
clinical results of a full-arch loading rehabilitation using implants, with and without using
implant-abutment units, was described. Patients were observed over a period of two years.
The peri-implant soft tissues were found to be stable at all implant sites and no major
differences were observed between implants with or without abutments. However, further
investigations, to confirm these outcomes, were recommended.

Stress, deformation, and strain energy increases on increasing the magnitude of load.
The maximum stress values for implant, abutment, and screw are found in the case of PS 1
and the minimum in PM, and vice versa for the peri-implant bone. The deformation on the
abutment and screw increases with the increment of the load for all three configurations.
Under vertical loading, deformation increases with the load. Under horizontal loading,
it reduces from PM to PS L. Under oblique loading, deformation is the maximum for PS I
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and the minimum for PS II. The maximum deformation occurs at the crestal bone in the
case of PM and the minimum in PS I under all loading conditions. Hence, this explains
the greater crestal bone loss in the platform-matched configuration as compared to the
platform-switched. The value of strain energy increased with the increase in load. The
values of strain energy decreased from PS I to PM, and the result is the opposite for the
crestal bone around the implant.

Some limitations should be acknowledged. In this study, a linear finite element analysis
is performed by considering the isotropic properties of all biological parts, while in the
actual conditions, the biological structures are of the anisotropic type and a nonlinear finite
element analysis provide better results. This study is carried out under the consideration
of static loading, while, in actual conditions, a varying amount of dynamic loads acts. A
loading angle of 45 degrees was considered in our work. This particular loading metric
was found to be prevalent in a previous study by Chang et al., and SU et al. etc. [34,67].
Different researchers opted for a different oblique loading in the magnitude and also in the
directions from 15 degree to 45 degree [34,39,40,67,68]. However, future studies including
different angles and loading conditions could further help in increasing the overall accuracy
and precision of the computational framework.

5. Conclusions

The magnitude of the compressive and tensile stresses, deformation, and strain energy
increases within the implant-abutment assembly on increasing the platform switch. The
stress concentration is reduced at the crest of the peri-implant bone and is shifted in the
cancellous bone region, more apically. The implant and abutment are subjected to the
maximum stress concentration in almost all loading conditions; thus, failure can occur
early at the implant and abutment. Therefore, per the graph trends in Figures 68 obtained
from the simulation study, it can be concluded that platform switching does provide
a statistically significant mechanical advantage to the peri-implant bone by decreasing
the stress concentration. PS reported a maximum reduction of 65%, 28%, and 64% in
stress, deformation, and strain energy, respectively, as compared to the PM configuration
across the peri-implant bone. Hence, PS could be the better choice for dental surgeons
or medical practitioners. However, it also compromises the mechanical integrity of the
narrower-diameter abutment which can lead to implant failure due to abutment fracture.
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