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a b s t r a c t

Purpose: The purpose of this study was to investigate the biomechanical behavior of

immediately loaded implants in an edentulous mandible according to the “All-on-Four”

concept.

Methods: A 3D-finite element model of an edentulous mandible was constructed. Four

implants were placed between the bilateral mental foramen according to “All-on-Four”

concept. A framework made of titanium or acrylic resin between the bilateral first molars was

modeled. Immediate loading and a delayed loading protocol were simulated. A vertical load

of 200N was applied at the cantilever or on the abutments region of the distal implants,

simulating the absence of a cantilever.

Results: Thepeakprincipalcompressivestrainsintheimmediateloadingmodelsresultedin24.0–

35.8% and 26.4–39.0% increases compared with thedelayed loading models under non-cantilever

loading and cantilever loading, respectively. The loading position greatly affected the principal

compressive and tensile strain values. The peak principal compressive strains in non-cantilever

loading resulted in a 45.3–52.6% reduction compared with those in cantilever loading. The

framework material did not influence the peak compressive and tensile strain. The maximum

micromotion at the bone–implant interface in the immediate loading models was 7.5–14.4mm.

Conclusions: Mandibular fixed full-arch prostheses without cantilevers may result in a favorable

reduction of the peri-implant bone strain during the healing period, compared with cantilevers.

The maximum micromotion was within the acceptable limits for uneventful implant

osseointegration in the immediate loading models. Framework material did not play an important

role in reducing the peri-implant bone strain and micromotion at the bone–implant interface.

ã 2017 The Authors. Published by Elsevier Ltd on behalf of Japan Prosthodontic Society. This

is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
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1. Introduction

Implant-supported fixed full-arch prostheses are being estab-
lished as a treatment option for edentulous mandibles.
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According to the original Brånemark protocol, five–six im-
plants should be placed in the interforaminal region of the
mandible to support a fixed dental prosthesis [1,2]. Long-term
clinical data on implant and prosthesis survival have con-
firmed that fixed prostheses on four implants in the edentu-
lous mandible showed similar results to those of patients
treated with more implants [1,3].

In edentulous patients, the anatomic limitations of the
residual alveolar bone due to bone resorption or a mandibular
canal can cause problems for the insertion of dental implants,
often requiring bone augmentation procedures. A new proto-
col, the so-called All-on-Four concept has been proposed as an
alternative to bone augmentation procedures. The principle of
the “All-on-Four” concept is the use of four implants in the
anterior part of the complete edentulous jaw to support a
provisional, fixed, and immediately loaded prosthesis [4]. The
“All-on-Four” concept offers a less invasive option because it
requires fewer implants, with bilateral distal implants inserted
at an inclination of 30� to decrease the cantilever length. The
“All-on-Four” concept has been successful according to short-
term clinical studies [4–8]. However, there have been very few
long-term studies.

The stress/strain concentration can cause microdamage
accumulation and can induce bone resorption [9,10]. The
predictability and long-term success of implant treatment are
greatly influenced by the biomechanical environment. The
tilting of distal implants allows for a reduction in the cantilever
length, resulting in decreased peri-implant bone stress [11,12].
Previous biomechanical studies have reported that the “All-
on-Four” configuration resulted in favorable reduction of
stresses in the bone, framework, and implants in delayed
loading models [11,13]. However, there has been little
biomechanical evidence for immediately loaded implants
according to the “All-on-Four” concept. In particular, excessive
micromotion could cause osseointegration failure between
the bone and implant [9,14]. To date, there have been no
studies evaluating the primary stability of immediately loaded
implants according to the “All-on-Four” concept.

The framework material is an important factor affecting the
stress/strain developed in implants, prostheses, and peri-
implant bone. Controversy exists regarding framework mate-
rials under the conditions of immediate loading. Some authors
have recommended using metal frameworks because of their
high rigidity, compared to all-acrylic resin prostheses [15,16].
However, other authors have used all-acrylic resin prostheses
without metal frameworks and have also reported high
survival rates [17–19].

The purpose of this study was to investigate the bio-
mechanical behavior of immediately loaded implants accord-
ing to the “All-on-Four” concept in an edentulous mandible.

2. Materials and methods

2.1. Finite element model

The 3D geometry of the edentulous mandible was constructed
using finite element analysis (FEA) software (Mechanical
Finder, version 6.2, Extended Edition, Research Center of
Computational Mechanics, Tokyo, Japan) from the

computerized tomographic (CT) scan data of a 62-year-old
man. A threaded implant (Institut Straumann, Waldenburg,
Switzerland) with a 4.1-mm diameter and a 10-mm length was
simulated in this study. An implant and a straight or angulated
abutment 6mm high was modeled as one piece using 3D
modeling software. The two anterior implants were placed in
the right and left lateral incisor areas. Two additional posterior
implants were also placed just anterior to the mental foramen
with a distal inclination of 30� to the anterior implant (Fig. 1).

For delayed loading models, the implant was assumed to
achieve complete osseointegration at the bone–implant inter-
face. For immediate loading models, the contact interface
(non-osseointegration) between the implant and bone was
simulated. The friction coefficient was set to 0.3 [20,21]. A
framework between the bilateral first molars was modeled.
The framework was designed as a geometric solid, 5mm high
and 6mm wide, in a horseshoe configuration following the
shape of the mandible. The cantilever extension was 11.5mm
(Fig. 1). Four-node tetrahedral elements were used to construct
a finite element model, and the total numbers of elements and
nodes were 343,361 and 68,602, respectively. All of the
experimental procedures were conducted with the ethical
approval of the Nara Medical University.

2.2. Material properties

The isotropic linear elasticity was adopted in the finite
element models and inhomogeneity for the bone was
assumed. First, an average CT value for each element was
calculated. A linear regression equation was created based on
the CT values of the calibration phantom. An excellent linear
correlation between Hounsfield units (HUs) and corresponding
hydroxyapatite density (r) was established:

r ¼ 0:6618 � HU þ 9:84 mg=cm3;

R2 ¼ 0:999:

Next, the CT value for each element was converted to a bone
density. Finally, Young’s modulus for each bone density was
calculated using the equation proposed by Keyak [22] (Table 1).
Distributions of Young’s modulus in the peri-implant bone are
shown in Fig. 2. Because the cortical bone density of the
mandible ranges from 1000 to 1800 HU [23,24], the area with
bone density over 1000 HU, which is equivalent to 4583MPa,
was defined as cortical bone. Poisson’s ratio for the bone was
set to 0.3 [25]. The material properties of the titanium implant
were obtained from previous data [25]. Different framework
material models, made of titanium or acrylic resin, were
simulated [11] (Table 2).

2.3. Loading and constraint conditions

With fixed prostheses supported by implants, the average of
maximum occlusal force was approximately 200N for first
premolar and molars [26]. Two types of loading position were
simulated.

� Cantilever loading: A vertical load of 200N was applied at
the right terminal of the framework [13].
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� Non-cantilever loading: A vertical load of 200N was applied
on the abutment region of the right distal implant,
simulating the absence of a cantilever [27].

Regarding boundary conditions, the nodes of the condylar
and coronoid process regions of the model were constrained in
all directions [13] (Fig. 1).

2.4. Analysis of strains and micromotion

Analyses were performed to calculate the principal compres-
sive strain (minimum principal strain) and principal tensile
strain (maximum principal strain) around the implants and
the micromotion at the bone–implant interface. To evaluate

Fig. 1 – Finite element model. A vertical load of 200N was applied at the cantilever or on the abutment region of the right distal
implant, simulating the absence of a cantilever. CL: cantilever loading; NCL: non-cantilever loading.

Fig. 2 – Distribution of Young’s modulus in the peri-implant bone. The height, width, and thickness of the buccal, lingual, crestal
and inferior cortical bone of the mandible (mm) were measured.
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the principal compressive and tensile strains, eight 1-mm
spheres were placed at the alveolar crest for each implant in
the similar manner as in the previous report [28] (Fig. 3). The
mean of the principal compressive and tensile strain values in
multiple solid elements contained in the sphere was used as
the typical strain value. The absolute maximum value in these
spheres was used as the peak strain (hereinafter referred to as
the “peak strain”) value of the model. The micromotion was
computed as a relative displacement between two nodes (a
node of the bone side and a node of the implant side) of
elements on the interface.

In FEA studies to evaluate mechanical stress/strain in the
peri-implant bone, it is customary to use stresses/strains of
various kinds, such as von Mises stress, equivalent strain, the
maximum, the minimum principal stress/strain and the
maximum shear stress/strain. The maximum principal
stress/strain is suited for the observation of tensile stress/
strain and the minimum one for the compressive. Since bone
has both ductile and brittle response, the use of principal
stress/strain is appropriate to evaluate yielding/failure behav-
ior [29]. Thus, in this study, the principal strains were
evaluated.

2.5. Convergence test

The convergence test of the finite element models was
performed to verify the mesh quality, and the convergence
criterion was set to be less than 3% changes of the total strain
energy of all of the elements between the elements (Fig. 4).
Based on the results of the convergence testing, a minimum
element size of 0.2mm was set for the meshing in all of the
finite element models.

3. Results

3.1. Strain distribution

The peak principal compressive and tensile strains were
observed in the bone around the neck of the right distal
implant in all of the models (Fig. 5). In the delayed loading
models, the principal compressive and tensile strains were
concentrated only in the crestal cortical bone, whereas the
principal strains were distributed in both the crestal cortical
bone and the cancellous bone around the threads of the
implant in the immediate loading models. Peak principal
compressive strains were observed at the distal crestal cortical
bone around the distal implant regardless of loading protocol.
Peak principal tensile strains were located at the lingual region
and the distal region in the crestal cortical bone in the delayed
loading models and the immediate loading models, respec-
tively (Figs. 6 and 7).

Peak principal compressive strains in the immediate
loading models resulted in 24.0–35.8% and 26.4–39.0% increases
compared with the delayed loading models under the non-
cantilever loading and cantilever loading, respectively. In
contrast, the principal tensile strain value depended little
upon the loading protocol, although the peak principal tensile
strains in the delayed loading models were slightly higher than
those in the immediate loading models. The loading position
greatly affected the principal compressive and tensile strain
values. The peak principal compressive and tensile strains in
non-cantilever loading resulted in 45.4–52.6% and 55.0–71.5%
reduction compared with the cantilever loading, respectively
(Fig. 8).

Fig. 3 – Measurement points for principal strains in bone around the implant.

Table 1 – Relationship between bone density and Young’s
modulus.

Bone density (g/cm3) Young’s modulus (MPa)

0<r20.27 E=33,900r2.20

0.27<r<0.6 E=5307r+469
0.62r E=10,200r2.01

Table 2 – Material properties.

Material Young’s modulus (MPa) Poisson’s ratio

Titanium 110,000 0.35
Acrylic resin 3520 0.40
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The framework material did not influence the peak
principal compressive and tensile strain under non-cantilever
loading. Under cantilever loading, the peak principal com-
pressive and tensile strains in the titanium framework models
were at most 14.9% and 14.6% less than those in the acrylic
resin framework models, respectively (Fig. 8).

3.2. Micromotion at the bone–implant interface

The maximum micromotion was observed at the crestal region
around the distal implant close to the loading position in all of
the models. The micromotion in the acrylic resin framework
model was greater than that in the titanium framework. The
maximum micromotion was the greatest (14.4mm) under
cantilever loading for the acrylic resin framework model. The
other models showed similar micromotion values (Table 3).

4. Discussion

As photoelastic [30] and FEA studies [11,31,32] have indicated
that the bone strains are concentrated around the distal
implant, the present study also showed the principal com-
pressive and tensile strain concentrations around the distal
implant. In the delayed loading models, the principal
compressive and tensile strains were concentrated only in
the crestal cortical bone, whereas the principal strains were
distributed in both the crestal cortical bone and the cancellous
bone around the threads of the implant in the immediate
loading models. This result was consistent with previous
reports that showed strain concentrations along the implant
body in the delayed and immediate loading models
[11,13,33–36].

Fig. 4 – The result of convergence testing in the model with a titanium framework under cantilever loading.

Fig. 5 – Distribution of principal compressive strain (titanium framework model). Similar trends were observed in the principal
tensile strain distribution (data not shown). CL: cantilever loading; NCL: non-cantilever loading; DL: delayed loading; IL:
immediate loading.
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In the immediately loaded implants, higher stress/strain
develops in the cortical bone and cancellous bone, because
only compressive and frictional forces are transferred via the
contacting interfaces, compared with the bonded interfaces of
the delayed implants [20,37,38]. The increase in bone strain
(24.0–39.0%) observed in the present study was similar to that
reported by Huang et al. (28.0–63.0% increase) [20]. Frost [39]
considered 4000me a possible threshold for pathologic bone
overload and suggested that higher strains would lead to the
accumulation of microdamage, resulting in bone resorption.

Pattin et al. [40] demonstrated that the critical damage strain
threshold was 2500me in tension and 4000me in compression.
Immediate loading models under cantilever loading showed
peak principal compressive strain greater than 4000me.
Although well-controlled immediate loading accelerates
tissue mineralization at the peri-implant bone [41], over-
loading and fracturing occur more readily in healing bone than
in normal bone [42]. Occlusal loading in the healing period
might be sufficient to cause microdamage in the peri-implant
bone, although the same load will not do so after healing and

Fig. 6 – Distribution of principal compressive strain in the mesiodistal cross-sections (titanium framework model). CL: cantilever
loading; NCL: non-cantilever loading; DL: delayed loading; IL: immediate loading. The arrows indicate sites where the peak
principal compressive strains were generated.

Fig. 7 – Distribution of principal tensile strain in the mesiodistal cross-sections (titanium framework model). CL: cantilever
loading; NCL: non-cantilever loading; DL: delayed loading; IL: immediate loading. The arrows indicate sites where the peak
principal tensile strains were generated.
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adaptation of the bone around the implant [43]. Although the
strain value in the healing process could not be directly
compared with that threshold, immediate loading of the
mandibular fixed full-arch prosthesis with cantilever might
indicate a risk of overloading.

The loading position greatly affected the principal com-
pressive and tensile strain values. The results of the present
study were in accordance with those of previous studies which
demonstrated that the increase in cantilever length was
directly proportional to the increase in stress concentrations
around the implants [31]. Authors have shown that cantilever
length played an important role in the peri-implant stress/
strain distribution [11,31,44]. The peak compressive stress in
the 15-mm cantilever models resulted in a 33% increase
compared with the 5-mm cantilever models [11]. The maxi-
mum von Mises stress in the cortical bone in the cantilever
model was 1.5 times greater than that without the cantilever
[44]. Therefore, in immediately loaded restorations, clinicians
seem to have desired to avoid occlusal force at the cantilever to
minimize the risk of peri-implant bone overloading. According
to many clinical reports, an acrylic provisional prosthesis is
usually designed with 10 teeth with no occlusal contact with
the second premolar or the first molar area [7,45,46]. In
contrast, several authors have reported promising clinical
outcomes in which full-arch definitive prostheses were
positioned immediately after implant placement [19,47]. In
these cases, the cantilevers were typically extended to the first
molar region, and cantilever loading was allowed, although
the patients ate a soft diet for 2 months [19]. From a
biomechanical point of view, a mandibular fixed full-arch
prosthesis without a cantilever is recommended during the

healing period, because non-cantilever loading effectively
reduces the peri-implant bone strain under immediate
loading.

Previous studies have shown that variations in the stiffness
of the framework materials did not demonstrate significant
effects on the peri-implant stress values under non-cantilever
loading [44,48]. Under cantilever loading, the lower the
Young’s modulus of the framework is, the greater the occlusal
load is that is applied to the distal implant [31]. Thus, more load
is transferred to the bone around distal implant in acrylic resin
frameworks than in metal frameworks, which might be the
reason why the micromotion at the bone–implant interface in
the acrylic resin framework model was greater than that in the
titanium framework. However, even under cantilever loading
situations, the framework material did not significantly affect
the peri-implant bone strain; the peak principal compressive
and tensile strains in the titanium framework models were at
most 14.9% and 14.6% less than those in the acrylic resin
framework models, respectively. Thus, we believe that
framework material may not play an important role in
reducing the peri-implant bone strain under vertical loading.

Primary implant stability is essential for the uneventful
formation of bone tissue at the bone–implant interface [9,14].
The success of dental implants is not related to the timing of
loading, but rather to the critical function of micromotion,
which should not exceed 50–100mm at the bone–implant
interface [49]. The maximum micromotion values of the non-
cantilever models ranged from 7.5 to 8.6mm, which was in
agreement with those reported in previous FEA studies [36,50–
52]. For example, Chang et al. [52] showed that a maximum
micromotion was 8.5–15.0mm in an immediately loaded, single
implant model with a vertical load of 300N. Kao et al. [51]
reported that the maximum micromotion value was 11.1mm
in FEA, in which the data on pull-out forces were consistent
with the result of other experiment. The micromotion values
observed in the present study were less than these thresholds,

Fig. 8 – The peak values of the principal strains.

Table 3 – Micromotion at bone–implant interface (mm).

Material Cantilever loading Non-cantilever loading

Titanium 9.0 7.5
Acrylic resin 14.4 8.6
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which would indicate that osseointegration between the bone
and implant would be possible for immediately loaded
implants according to the “All-on-Four” concept, irrespective
of the loading position and framework material. This finding
might explain why the “All-on-Four” concept was successful
according to the clinical study results [4–8].

Bellini et al. [11] analyzed bone stress in a tilted implant
model similar to that in the present study, with a 100-N load at
the cantilever. They showed a peak principal compressive
stress of �24MPa in the 15-mm cantilever model, which was
equivalent to the principal compressive strain of �3265me
under loading condition of 200N. The peak principal compres-
sive strain in the delayed loading model under cantilever
loading in the present study was �3226me. Although the
model geometry, material property and boundary conditions
were not identical, the results of this study were in agreement
with those of Bellini et al.; hence, the model of this study
should be considered to have been validated accurately by a
published report. In future analyses, the obtained strain data
should be validated with strain gauge measurements using
human cadaver mandible.

There were limitations of this finite element model. In the
present study, four-node tetrahedral elements were used.
However, higher-order elements such as ten-node tetrahedral
element with quadratic shape function would give more
accuracy for simulated results. Although isotropic linear
elasticity of the material properties was assumed, altering
mandibular properties with anisotropic assumption may
result in different strain distributions [20]. This study
incorporated frictional contact area for the bone–implant
interface to simulate immediate stability after implantation,
where perfect contact of the implant with the surrounding
bone was assumed. However, clinically, the implant may be in
partial contact with the bone. Although biomechanical study
has revealed that the stress/strain distribution around an
implant strongly depends on in vivo load direction [29], the
load was applied in a fixed direction. Regarding the framework,
only bending motion at distal loading was simulated. Howev-
er, bending moment and twisting moment would be applied on
the framework. Nonetheless, in agreement with other numer-
ical studies [11,13,31–35], the present assumptions can be
accepted, in a computational sense, to assess the biomechani-
cal behavior of fixed full-arch prostheses [53].

5. Conclusions

Considering the limitations of this study, the following could
be concluded regarding the biomechanical behavior of
immediately loaded implants according to the “All-on-Four”
concept in an edentulous mandible.

1. Mandibular fixed full-arch prostheses without cantilevers
may result in a favorable reduction of the peri-implant
bone strain during the healing period, compared with
cantilevers.

2. The maximum micromotion at the bone–implant interface
was within the acceptable limits for uneventful implant
osseointegration in the immediate loading models.

3. The framework material did not play an important role in
reducing the peri-implant bone strain and micromotion at
the bone–implant interface.
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