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	 Background:	 In edentulous patients, the concept of 4 implants with early loading has been widely used in clinical settings. 
In the case of bone atrophy in the anterior maxilla, using short implants or an angulated implant may be a 
good choice for treatment. The occlusal scheme remains a key aspect of All-on-4. The aim of this study was to 
use the 3-dimensional (3D) finite element method (FEM) to evaluate how different All-on-4 designs for canine-
guided and group function occlusion affected the distribution of stress in the atrophic premaxilla.

	 Material/Methods:	 A 3D edentulous maxilla model was created and in 3D FEM, 3 different configurations – M4, All-on-4, and short 
implant – were modeled by changing the anterior implants and using 2 different occlusal schemes. For each 
model, the occlusal load was applied to simulate lateral movements. For cortical bone, the maximum and min-
imum principal stress values were generated, and for ductile materials, von Mises stress values were obtained.

	 Results:	 No significant differences were detected among the models; generally, however, the highest stress values were 
observed in the M-4 model and the models with short implants. Slightly higher stress values were observed in 
the group function occlusion group than in the canine-guided occlusion group.
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pear to be preferable for patients who have severe atrophy in the anterior maxilla.
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Background

Dental implantation is an efficient treatment for rehabilitation 
of fully and partially edentulous patients [1]. High rates of im-
plant and prosthesis survival and patient satisfaction with aes-
thetics, phonetics, and functionality have been reported [2,3].

The clinical success and durability of dental implants are largely 
controlled by mechanical factors [4]. The shape and size of the 
infrastructure, passive compatibility with the implant platform, 
number and distribution of implants, provision of aesthetics, 
and oral hygiene affect the success of hybrid prostheses such 
as the All-on-4. When selecting the infrastructure, factors that 
should be considered include resistance to incoming forces, 
facilitation of oral hygiene, creation of occlusal surfaces, and 
use acrylic resin to ensure maximum retention of prosthetic 
teeth and prosthetic edges [5,6]. When choosing the diame-
ter, length, and design of an implant, the amount of existing 
bone should be considered because it affects the success of 
the treatment [7]. In fully edentulous patients, the “4 implants 
with early loading” method (All-on-4) has been widely used in 
clinical settings. Success with this treatment modality depends 
on the distal inclination of the posterior implants and the axi-
al positioning of the front 2 implants [8-10]. Those factors not 
only increase primary stability but also decrease the need for 
bone augmentation by optimizing use of available bone [11].

In cases of bone atrophy, use of a short implant in the ante-
rior with a zygomatic implant placed in the posterior also is 
recommended. In an atrophic maxilla, use of short or angled 
implants is an alternative to grafting. Other posterior implant 
positions can be achieved by placing the distal implants to-
ward the anterior during All-on-4 treatment [12-14].

Inserting the long implants at an angle and posterior in the 
maxilla, in the shape of the letter “M,” is another alternative 
for atrophic bone that provides support from the thick bas-
al bone instead of the thin crestal bone [15]. In an M-shaped 
configuration (M-4), the anterior implants are angled distally 
up to 30 degrees in the axial plane and extended into the lat-
eral nasal rim [16]. This placement supports the anterior si-
nus wall and lateral nasal wall, facilitating maximum anteri-
or or posterior spread. Angled implants can settle in the bone 
pyramid in front of the maxillary sinus without disturbing vi-
tal anatomical structures, such as arteries and nerves [16,17].

Implants and their bony integument need to be planned and 
placed to support the functional and parafunctional requirement 
of occlusal loading [18]. This is achieved with correct occlusal 
planning. The primary goal of occlusal therapy is to maintain 
and/or improve optimal masticatory function and comfort, in-
cluding stability of the occlusion [19]. The choice of an occlu-
sal scheme dictates the design of occlusal contacts between 

opposing teeth during centric relation and how the mandible 
will function. The number and concentration of these contacts 
determines the amount and direction of force conducted from 
the denture down to the bone [20]. Group function occlusion 
is defined as multiple contact relationships among the max-
illary and mandibular teeth during lateral movements on the 
working side. Canine-guided occlusion is defined as prevent-
ing contact of the posterior teeth by vertically and horizontally 
overlapping the canine teeth when the mandible movements 
are irregular [21]. Experts also recommend group function or 
guidance with flat linear pathways and in lateral and protru-
sive movements with All-on-4 treatments [4].

With All-on-4 treatment, it is important to ensure an occlu-
sal relationship that will result in even distribution of occlusal 
forces. To achieve that, it is necessary to maximize the bilat-
eral intercuspal contacts, create freedom in the centric posi-
tion, eliminate premature contacts in the intercuspal position 
and centric relationships, and free the centric during later-
al and protrusive movements of the mandibula [4]. Tallarico 
et al [22] have suggested use of anterior-guided or balanced 
occlusion in All-on-4 treatment that abuts natural dentition.

Decreasing the shear (unaligned) forces and targeting the com-
pression (aligned) forces by applying forces in the occlusal di-
rection is recommended. Therefore, occlusion should generate 
axial forces rather than lateral or horizontal forces. The reason 
for higher stress and tension around the crestal bone is nonax-
ial forces [23]. Among the ways to apply force and movement 
are a concentrated load (at a point or single node), force on a 
line or edge, a distributed load (force varying as an equation), 
bending movements, and torque. The finite element method 
(FEM) allows researchers to predict stress/strain distribution 
patterns in the peri-implant bone.

With FEM, elasticity modulus and Poisson’s ratio are 2 impor-
tant distinguishing features in materials with homogeneous, 
isotropic, and linear elastic properties [24]. FEM has been found 
to be more effective than other stress analysis methods, such 
as strain gauge and photoelastic methods. With FEM, it is pos-
sible to assign numerical values to displacement of structures, 
bending, fracture, stress, vibration, elastic deformations of ma-
terials, and bond strength [25].

The aim of the present study was to analyze the distribution 
of stress in group function and canine-guided occlusion for 
All-on-4 concepts modeled with 3D-FEM using short, stan-
dard, and angled standard implants (M-4) placed anteriorly.
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Material and Methods

In the present study, 3D FEM (Ay Tasarım, Ankara, Turkey) was 
used. Models were created geometrically with VRMesh software, 
version 6.1 (Bellevue, Washington, United States) and then trans-
ferred to Algor Fempro software (Algor Inc., Version 2.0, Pittsburgh, 
Pennsylvania, United States) using a standard tessellation lan-
guage (STL) format for analysis. The STL format is widely used in 
3D modeling programs. With the coordinate information for the 
nodes in STL format, no information was lost during the trans-
fer between programs. After the transfer to the Algor software, 
data from the model about the maxilla and the material used for 
dentition were input. Each of the structures that constituted the 
models bear had their own material values (modulus of elastic-
ity and Poisson’s ratio), which defined their physical properties. 
We expressly chose common values to express them [24]. All of 
the models developed were for linear, homogeneous, and isotro-
pic materials. The homogeneity of a material indicates that the 
mechanical properties of all its structural elements are similar. 
Homogeneity indicates that the isotropic material properties of 
a structural element are the same in all directions.

The implants and prosthetic parts used in the present study 
were scanned with a 3D scanner (SmartOptics 3D scanner, 
Germany). The models obtained in STL format were trans-
ferred to Rhinoceros software, version 4.0 (Seattle, Washington, 
United States). With the Rhinoceros software, the transfer of 
force between the upper and lower parts of the prosthesis and 
implant screws and bone tissues was assessed.

To model bony tissue in the maxilla (3M Iluma CBCT, IMTEC, 
United States), a computed tomography (CT) scan from a pa-
tient was used. With CT, a 3D geometric model was generat-
ed of an edentulous maxilla with extensive crestal bone loss. 
Spongious bone was obtained from the bone tissue and as-
sessment of the force transfer was achieved by making neces-
sary adjustments. Modeling was performed with the Rhinoceros 
software by placing the models at the correct coordinates in 
3D space. Boundary conditions for the model were defined ac-
cording to the union of the maxilla to the skull base, by which 
the movement of the maxilla was restrained. Boundary con-
straints were applied to the top of the bone. The movements 
of the nodes in this area were completely constrained.

There were 3 models in the present study:

In Model 1, non-angled, standard-length implants (4.3×13 mm) 
(Nobel Biocare, Zurich, Switzerland) were placed in the later-
al area (Figure 1A).

In Model 2, NobelSpeedy™ Shorty (Nobel Biocare AB, Zurich, 
Switzerland) short implants (4×7 mm) were placed in the lat-
eral area (Figure 1B).

In Model 3, 2 angled, standard-length implants (4.3×13 mm) 
(Nobel Biocare, Zurich, Switzerland) were placed, extending 
from the base of the nose to the canine at a 17-degree an-
gle (Figure 1C).

In all models, standard-length implants (4.3×13 mm) (Nobel 
Biocare, Zurich, Switzerland) were placed in the second pre-
molar area at a 30-degree angle. In each model in the All-
on-4 protocol, the posterior implants were angled in exact-
ly the same position.

To create prosthetic models, abutments and implants were 
evaluated as a whole unit. The multi-unit abutments were 
modeled to be 4 mm in diameter and 4 mm in length for the 
anterior region and 5 mm in diameter and 4 mm in length for 
the posterior region. The implant infrastructure was titanium. 
In the present study, the superstructure prosthesis consist-
ed of 12 monolithic lithium disilicate single crowns. The base 
height was 11 mm and the crown length was 4 mm. Acrylic 
resin was used for the gingival part.

To create different occlusion designs, stresses were measured 
at different points and occlusal schemes and cuspal contacts 
were established in accordance with the standards reported 

A

B

C

Figure 1. �(A) Standard All-on-4 Model (Model 1). (B) All-on-4 
Model with short implants (Model 2). (C) M-4 Model 
(Model 3).
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in the literature [22]. Occlusal loads were applied as oblique 
occlusal loads to assess how the models performed against a 
lateral force. Forces were defined on contacts formed in the 
lateral movement position in canine-guided and group func-
tion occlusion. A unilateral horizontal static load of 93 N was 
applied for canine-guided occlusion in the palatal region of 
the left canine and 200 N was applied for group function oc-
clusion in the palatal region of the left canine molar to ob-
serve the stress distribution in the stress analysis phase, as 
described by Silva et al [26] and Turker et al [27].

A color scale was used to express the concentration of stress. 
Red indicated regions with higher stress values whereas navy 
blue indicated areas with lower stress values. These color 
codes also corresponded to numerical values for von Mises 
stress and maximum/minimum principal stress. The von Mises 
stress values represented stress values for elastic material. 

The maximum and minimum values were for stress on cor-
tical and spongious bone. Maximum and minimum principal 
stresses (Pmax and Pmin, respectively), allowed for differenti-
ation between tensile and compressive stresses. The maxi-
mum and minimum von Mises stresses and Pmax and Pmin val-
ues were localized and quantified for comparison. The data 
are shown as maximum and minimum values and were sub-
ject to numerical comparison.

In the present study, it was assumed that the trabecular-cor-
tical bone, bone-implant, implant-multi-unit abutment, multi-
unit abutment-framework, and framework-prosthetic restora-
tion interfaces were bonded to each other. Some simplifications 
were made in the models, which were related to the osseo-
integration level, bone type, boundary conditions, and the 
amount and direction of forces. The limitations were similar 
for all 3 models in the present study. The aim of the research 

Model-1 Model-2 Model-3

Cortical
Bone-Max

Spongious
 Bone-Max

Cortical
Bone-Max

Spongious
 Bone-Max

Cortical
Bone-Max

Spongious
 Bone-Max

25

20

15

10

5

0

Pm
ax

 st
res

se
s N

/m
m

2

Balancing-posterior
Balancing-bukkal
Working-bukkal
Working-palatinal

A

C

B

Figure 2. �Pmax stresses for group function occlusion. (A) Distribution on cortical bone. (B) Distribution on spongious bone. 
(C) Pmax stress values (N/mm2) on cortical and spongious bone.
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was to biomechanically compare the behavior of several im-
plant configurations and not to determine exact stress values.

Results

Figures 2-9 show von Mises and Pmax, and Pmin stress values 
and the distribution of stress.

Stress in Alveolar Bone

For all 3 models, stress values were higher for group function 
than for canine-guided occlusion (Figures 2-5). The Pmax stress 
values on the cortical bone were similar in all 3 models on the 

working side with group function occlusion. The stress values 
for the posterior region were 21.83 N/mm2 in Model 1, 22.83 
N/mm2 in Model 2, and 21.95 N/mm2 in Model 3, and for the 
anterior region, they were 7.72 N/mm2 in Model 1, 6.09 N/mm2 
in Model 2, and 7.19 N/mm2 in Model 3 on the working side. 
The highest Pmin stress value was observed on cortical bone 
in the posterior region; however, the highest von Mises stress 
value was observed in Model 3 (28.92 N/mm2). In spongious 
bone, Pmax and Pmin values were detected mostly in the poste-
rior region on the working side. For Pmin, only the posterior im-
plant area was red (indicative of the highest stress area); for 
Pmax, however, that color was uniformly distributed in the bone.
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Figure 3. �Pmax stresses for canine-guided occlusion. (A) Distribution on cortical bone. (B) Distribution on spongious bone. 
(C) Pmax stress values (N/mm2) on cortical and spongious bone.
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For canine-guided occlusion, Model 3 demonstrated the high-
est Pmax stress value (10.58 N/mm2) on cortical bone. The high-
est Pmin values were detected mostly in the posterior region of 
the working side; the Pmin values were similar for all 3 mod-
els. Stress values for the posterior region were 8.71 N/mm2 in 
Model 1, 9.32 N/mm2 in Model 2, and 9.31 N/mm2 in Model 3 
on the working side. The highest Pmax stress values were ob-
served in the posterior region and the lowest Pmax stress values 
were detected in Model 3 on the spongious bone. The highest 
Pmin stress values were detected in Model 2 for the working 
side in the posterior region (0.463 N/mm2), whereas the low-
est Pmin stress values were observed in Model 3 on the balanc-
ing side in the posterior region (0.271 N/mm2).

Stress in Abutments

The stress values observed in group function occlusion were 
higher than for canine-guided occlusion in all the models 
(Figures 6, 7). In group function, the highest stress values were 
detected on the working side and in the abutments of Model 3 
(86.29 N/mm2 and 29 308 N/mm2, respectively). In the anteri-
or region, the stress values on the balancing side were similar 
in Models 1 and 2 (18.26 and 19.33 N/mm2, respectively); in 
Model 3, the stress value was lower (17.76 N/mm2).

In canine-guided occlusion, the stress values in posterior abut-
ments on the working side were similar in Models 1 and 2 
(26.42 and 27.03 N/mm2, respectively). The lowest stress values 
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Figure 4. �Pmin stresses for group function occlusion. (A) Distribution on cortical bone. (B) Distribution on spongious bone. 
(C) Pmin stress values (N/mm2) on cortical and spongious bone.

e929908-6
Indexed in:  [Current Contents/Clinical Medicine]  [SCI Expanded]  [ISI Alerting System]   
[ISI Journals Master List]  [Index Medicus/MEDLINE]  [EMBASE/Excerpta Medica]   
[Chemical Abstracts/CAS]

Bozyel D. and Taşar Faruk S.: 
Alternative designs and occlusion for all-on-4 treatment

© Med Sci Monit, 2021; 27: e929908
MEDICAL TECHNOLOGY

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)



were observed in Model 3 (23.78 N/mm2). The stress values 
in the anterior abutments were similar in all of the models.

Stress in Implants

For group function occlusion, the von Mises stress values in 
posterior implants were almost the same for Models 3 and 1 
(139.87 N/mm2 and 139.37 N/mm2, respectively), while the 
lowest stress was in Model 2 (132.25 N/mm2) on the working 
side (Figure 8). The highest stress values were noted in Model 
2 on the working side (48.20 N/mm2) for anterior implants. 
The lowest stress values were noted in Model 3 on the work-
ing and balancing sides of anterior implants (34.62 N/mm2 
and 27.58 N/mm2, respectively).

In canine-guided occlusion, the von Mises stress values for the 
anterior implants on the working side were similar in Models 
1 and 2 (23.72 N/mm2 and 23.35 N/mm2, respectively), but 
on the working side of Model 3, there was lower stress (17.36 
N/mm2) (Figure 9). The highest von Mises stress values (39.29 
N/mm2) were detected in Model 1 on the working side of pos-
terior implants.

Stress in Prosthesis

In the anterior region, Model 2 (0.004506 N/mm2) had the 
highest stress values for group function occlusion, whereas 
the highest stress values for canine-guided occlusion were 
in Model 1 (0.003481 N/mm2). The lowest stress values for 
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Figure 5. �Pmin stresses for canine-guided occlusion. (A) Distribution on cortical bone. (B) Distribution on spongious bone. 
(C) Pmin stress values (N/mm2) on cortical and spongious bone.
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group function occlusion were in Model 1 (1.579735 N/mm2), 
whereas Model 2 had the lowest stress values (0.223784 N/
mm2) for canine-guided occlusion in the premolar-molar area.

Stress in Framework

For all models of group function occlusion, the posterior re-
gion had the highest stress values and the numerical values 
were very similar to each other. In canine-guided occlusion, 
on the working side, the posterior side had the highest stress 
values and the stress values were similar in Models 2 and 3 

(27.27 N/mm and 25.56N/mm2, respectively); however, they 
were lower in Model 1 (16.25 N/mm2).

Because the values obtained from FEM are the result of math-
ematical calculations without variance, it was impossible to 
perform a statistical analysis of them. The values obtained in 
finite element analysis are fixed numerical values and there 
is no variable value [28]. Therefore, the results of the mathe-
matical solutions were converted into visual results, character-
ized by degrees of color and graphics. We then compared and 
interpreted the stress values obtained and their distributions.
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Figure 6. �(A) von Misses stress distributions and (B) von Mises stress values (N/mm2) on abutments for Models 1, 2, and 3 in group 
function occlusion.
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Discussion

The clinical success and longevity of dental implants depend 
upon their ability to withstand functional loading. Implant fail-
ures can be explained with incorrect occlusal design, which 
may concentrate stress in the bone and lead to bone resorp-
tion. Occlusion type and occlusal design are the most impor-
tant factors in the long-term success of an implant-supported 
prosthesis [29]. The occlusal scheme is also important in the 
All-on-4 concept, which offers treatment options with few im-
plants. In the present study, stress values for bone, abutments, 

implants, and prosthetics were examined for dental restoration 
with group function or canine-guided occlusion using the All-
on-4 concept. This comparison was performed using 3D FEM. 
FEM was chosen because it is composed of elements that are 
easy to calculate on a computer and it is an appropriate meth-
od for comparing various types of occlusions.

Studying a patient’s current oral health, chewing pattern, 
static occlusion type, craniofacial morphology, and parafunc-
tional habits could provide important and relevant informa-
tion about which functional occlusion type is suitable for that 
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Figure 8. �(A) von Misses stress distributions and (B) von Mises stress values (N/mm2) on implants for Models 1, 2, and 3 in group 
function occlusion.

Model-1

Model-2

Model-3

Posterior anterior Posterior anterior Posterior anterior

45

40

35

30

25

20

15

10

5

0

vo
n M

ise
s s

tre
sse

s N
/m

m
2

Balancing side
Working side

A B

Figure 9. �(A) von Misses stress distributions and (B) von Mises stress values (N/mm2) on implants for Models 1, 2, and 3 in canine-
guided occlusion.

e929908-9
Indexed in:  [Current Contents/Clinical Medicine]  [SCI Expanded]  [ISI Alerting System]   
[ISI Journals Master List]  [Index Medicus/MEDLINE]  [EMBASE/Excerpta Medica]   
[Chemical Abstracts/CAS]

Bozyel D. and Taşar Faruk S.: 
Alternative designs and occlusion for all-on-4 treatment
© Med Sci Monit, 2021; 27: e929908

MEDICAL TECHNOLOGY

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)



individual [30]. Occlusal load tends to be predominantly aligned 
vertically and parallel with the long axis of the teeth; howev-
er, with grinding of food, there are shearing forces among the 
teeth and forces directed laterally and/or anteroposteriorly [31]. 
Occlusion and attachment, with their proprioceptive feedback 
mechanism, are lost when natural teeth are missing. The peri-
odontal ligaments in a natural tooth can make a difference in 
how force is adapted compared with osseointegrated implants 
because they have shock-absorbing and stress-distributing func-
tions. Furthermore, non-vertical forces on natural teeth during 
function influence only the teeth involved and are generally tol-
erated, whereas with implants, the effect involves the crest of 
the bone, which is usually traumatic to the supporting struc-
tures [32]. Therefore, in the present study, it was preferable 
to simulate lateral stresses to compare the effect of non-ver-
tical forces on All-on-4 treatment concepts. For lateral move-
ment, canine guidance opposing natural dentition, group func-
tion opposing a posterior implant-supported prosthesis with 
flat linear pathways, and minimum vertical superimposition 
are recommended [4]. The destructive effects of lateral move-
ments have been observed largely with group function and ca-
nine-guided occlusion [33]. For this reason, lateral movement 
stress was examined for canine-guided occlusion and group 
function occlusion in the present study. Either canine-guided 
or group function occlusion can be used to guide the laterali-
ty of movement of laterality with dental contact [33]. There is 
general agreement that balancing contact of the side teeth is 
not desirable in lateral movements [30]. Balancing side inter-
ference is a contact on the balancing side that causes disclu-
sion of the working side or that interferes with smooth gliding 
movements [30]. In the present study, with group function oc-
clusion, stress values were higher on the balancing side than on 
the working side. A similar finding was made by Miralles [34], 
showing that stress concentration is mostly seen on the bal-
ancing side in group function occlusion. Likewise, in the pres-
ent study, the balancing side may have had higher stress val-
ues than the working side when the incorrect occlusion scheme 
was restored. In the present study, there were no major dif-
ferences between stress values on the balancing and working 
sides. Therefore, canine-guided and group function occlusion 
may be suitable for All-on-4 and M-4 treatments.

A crucial factor that affects the outcome of implant treatment 
is the way occlusal forces are transferred to the bone-implant 
interface via the superstructure and the implant [35]. The Pmax 
and Pmin stress values for bone were higher for group function 
than for canine-guided occlusion in the present study. With 
both occlusion types, higher stress values have been demon-
strated in cortical than in spongious bone in the present study, 
which is in keeping with several previous studies [36,37]. The 
explanation for this may be the high-elasticity modulus of cor-
tical bone [37]. Generally, cortical bone is prioritized in terms of 
bone quality because of the role it plays in providing primary 

stability; its modulus of elasticity also is an element that con-
tributes to the mechanical strength of the bone [38].

One of the important factors that causes implant failure is 
bone remodeling, which is affected by changes in normal bio-
logical stress [38]. Load transfer from implants to surrounding 
bone depends on the type of loading; the shape, length and 
diameter of the implants; the bone-implant interface; charac-
teristics of the implant surface, the type of prosthesis; and the 
quantity and attributes of surrounding bone [24]. Also, a re-
view of stresses on elastic materials during lateral movement 
has showed that some stress values here higher in group func-
tion than in canine-guided occlusion. In the present study, the 
highest von Mises stress levels, obtained with elastic materi-
als, were calculated for the abutments and implants in group 
function occlusion. If occlusal stresses are well tolerated by 
the remaining natural dentition, the lateral disclusion factors 
should be on the natural teeth. When 2 substances have a 
differing modulus of elasticity and one is loaded, the stress 
will be located where the substances meet. There is a greater 
variance in elasticity between titanium and spongious bone 
than between titanium and cortical bone [23]. Group func-
tion occlusion was found to result in higher stress values on 
the prosthesis than canine-guided occlusion. Canine-guided 
occlusion ensures that the force is met in lateral movements 
without damaging the antagonist’s teeth. Hence, it can be said 
that canine-guided occlusion is more protective against stress 
than group function occlusion. This finding has been support-
ed by reports from Karamshahi et al and Sidana et al [21,30].

The critical threshold value is the maximum force level that a 
material can withstand without deformation. Previous stud-
ies have shown that bone can withstand approximately 150 N 
tensile strength and 250 N compression force. Resorption has 
been observed in bone in cases in which these stress values 
were exceeded [39]. However, occlusal loads are continuous-
ly formed during the functional movement of jaws. Therefore, 
resorptive changes in bone could be caused by these chang-
ing loads. The risk of resorption of alveolar bone increases 
with continued formation of significant stress in the same 
area [27,40]. Also, the direction and magnitude of force dur-
ing chewing can vary, unlike the lateral force [41]. To reduce 
the risks associated with different forms of stress, the type of 
occlusion should be chosen carefully.

Materials with ductility characteristics have a threshold val-
ue as does bone. The yield strength of the implants was de-
termined to be 550 MPa, the threshold stress value beyond 
which the von Mises deforms [42]. In the present study, no 
stress exceeding that value was detected. Therefore, group 
function and canine-guided occlusion – but especially the lat-
ter – are recommended for long-term success with a prosthe-
sis, based on the results of the present study.
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Bone types III and IV, which represent a small amount and low 
quality of bone, have been considered a prosthetic and surgi-
cal challenge for implant rehabilitation in the atrophic maxilla. 
In the presence of marginal bone loss, the lever arm of force 
will be greater; therefore, movement at the marginal bone lev-
el will result in increased stress levels [43]. With progressive 
bone loss after tooth extraction in the premaxillary area, the 
alveolar crest may approach anatomic structures, which com-
plicates implant placement and prosthesis retention [44]. The 
All-on-4 concept is an option for placing a short or angled im-
plant in the premaxilla region [14,15]. Model 3, the scenario 
in which angulated implants were used in the anterior region, 
had the highest Pmin stress values in the posterior and anterior 
regions on the balancing side with both types of occlusion. The 
highest stress values on the balancing side can be attributed 
to a decreased load on the working side, which compensates 
for the stress on the other side. The highest stress values were 
obtained in Model 3 for abutments on the working side with 
group function occlusion. Some researchers have suggested 
that in the presence of an angled abutment, it is preferable to 
reduce forces associated with lateral movement [45]. Despite 
that, the M-4 model is advantageous because it allows inser-
tion of longer implants and angled abutments in situations in 
which primary stability is a concern [46]. Besides that, among 
the implant concepts, Model 3 had the lowest and Model 1 the 
highest von Mises stress values in the posterior region with ca-
nine-guided occlusion; in Model 3, the stress values may have 
been reduced by use of angled implants. The success of angled 
implants has been demonstrated in various studies [47,48]. 
Some reports, however, have shown no difference between an-
gled and non-angled implants in terms of biomechanics. Those 
researchers have stated that the crucial factor was the coro-
nal region [49,50]. In the present study, the red color, which 
was indicative of the highest stress, was concentrated in the 
coronal region. From the point of view of biomechanics, the 
position of the coronal end of the implant is more important 
than its inclination, whether the implant is tilted or not [49].

Setting the occlusion correctly is important because every 
10-degree increase in the implant angle results in a 5% in-
crease in the cortical bone. Likewise, if the loads onto the im-
plants are angulated, peri-implant bone resorption will occur 
as a consequence of shear forces in the implant-bone sur-
face [37]. In these cases, some searchers have recommend-
ed the use of a zygomatic implant [51,52]. Other studies have 
recommended the All-on-6, a tilted configuration using 6 im-
plants, instead of the All-on-4 to reduce stress [4,12]. The re-
sults of the present study, however, showed that M-4 treat-
ment was successful in dissipating incoming forces. Jensen 
et al [16] reported a superior biomechanical advantage for the 
M-4 technique in comparison with the standard All-on-4 tech-
nique and recommended the M-4 configuration as an option 
for use by dentists to achieve implant stability. Likewise, in 

the present study, the stress values for Models 2 and 3 were 
similar to those for Model 1, which has been presented as the 
classical All-on-4 treatment. For this reason, the use of short 
and angled implants may be preferable in patients who have 
atrophic maxilla.

A recent systematic review underscored the importance of 
improvements in implants and surgical techniques for suc-
cessful rehabilitation using short implants [14]. With All-on-4 
treatment, it may be possible to use short implants before ad-
vancing to more difficult and technically demanding rehabil-
itation protocols. In the present study, the lowest von Mises 
stress values in the posterior region on the working side in 
group function and canine-guided occlusion were seen with 
the implants in Model 2, which were short and in the anterior 
region; however, the highest stress values were obtained in 
the anterior region in Model 2 with group function occlusion. 
In the present study, short and long implants were combined 
for treatment of completely edentulous maxilla using an All-
on-4 design, thus establishing the importance of total control 
of occlusal design to distribute the occlusal load to the long 
axis of the implants. Furthermore, the value of short implants 
was confirmed by the fact that most of the occlusal forces on 
the bone and/or implant interface are spread across the cor-
onal part of the implant body and close to the alveolar crest, 
where there is cortical bone at the level of the implant plat-
form [14]. Other studies also have shown that parafunctional 
activities such as bruxism, which generate overloads, nega-
tively impact short implants [26,53]. Also, in a FEM study, max-
imum bone stress was determined to be independent of im-
plant length, which is in keeping with the results of the present 
study [54]. Model 2 showed the highest stress values in the 
anterior region with group function occlusion in a prosthesis; 
the presence of antagonistic natural dentition and the type 
of occlusal scheme may have impacted this result. The occlu-
sal scheme also improves oral hygiene and reduces the risk 
of porcelain fracture. Dental ceramics are the material most 
commonly used to fabricate crowns [27,29]. For this reason, 
they were used in the present study and found to be suitable 
for the treatment concepts tested. Some studies have shown 
that ceramic material cannot absorb stress because it is rig-
id [55]. Reports also suggest that occlusion should be adjust-
ed carefully to prevent fractures and attention should be paid 
to canine relationships to prevent early contact in the poste-
rior [6]. Likewise, some authors have suggested that group 
function occlusion is associated with more mechanical com-
plications in the form of ceramic chipping than canine-guid-
ed occlusion [56].

A suitable framework design affects the retention and stabil-
ity of the denture and stress on the abutment and relevant 
tissues [57]. The highest stress values were seen in Model 2 
in the posterior region with group function or canine-guided 
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occlusion on the working and balancing sides of the frame-
work. In contrast, with Model 3, higher stress values were seen 
in the anterior region with group function and canine-guided 
occlusion on the working and balancing sides. With canine-
guided occlusion, however, these high-stress values were simi-
lar for the implant, abutment, and framework. This means that 
the stress was not concentrated in a single point, but rather, it 
was distributed among all the prosthetic elements.

The framework for distributing the chewing burden in hybrid 
dentures is considered another key factor in long-term clini-
cal success [58]. The use of titanium as a framework materi-
al has advantages, such as high biocompatibility, high corro-
sion resistance, low probability of causing allergies, and lower 
cost. There is also a direct relationship between the amount 
of strain and the applied load and elastic modulus of titani-
um [58]. In the present study, approximate numerical values 
were assigned to levels of stress on the framework. No stud-
ies have shown that there is a relationship between use of 
short implants and framework failure. Thus, the predictabil-
ity of short implants is related to their design, the insertion 
protocol and occlusion concept, the residual bone height and 
volume, and patient hygiene [57]. However, the present study 
showed that using a short implant with the correct treatment 
plan is appropriate for treatment of an atrophic maxilla. This 
may have been a result of increased bone density, decreased 
stress concentration in bone, and the improved mechanical 
properties of the implant-bone interface, which facilitated pri-
mary stability and early osseointegration and compensated 
for the reduced implant length. In a previous report, the use 
of angled implants was considered to be more advantageous 
than the use of short implants [59], which is consistent with 
the results of the present study.

Immense functional demands are placed on dental occlusion, 
from the precise positioning of teeth and light holding forces 
to the genesis of large bite forces. The maxillary canine deter-
mines both the lateral and protrusive movements of the man-
dible, whereas the mandibular canine is in functional contact 
with the teeth. If there is no canine-guided occlusion because 
of canine loss, group function occlusion is indicated; that also 
has been observed in worn teeth, such as in patients with 
bruxism [30]. It is important, therefore, to make adjustments 
based upon the antagonists that are clinically apparent in a 
patient’s natural dentition. Canine-guided occlusion has var-
ious disclusion mechanics. With this type of occlusion, forces 
are directed axially by limiting the contact of the support cusps 
of the posterior teeth to their opposing fossae at or near their 
intercuspal position. All other lateral contacts are prevented 
by the steeper inclines of the canines [60]. Immediate canine 
disclusion can cause tooth fracture in the implant prosthesis 
for the edentulous arch, despite the reduced forces anteriorly. 
Therefore, it is important that clinicians understand the natural 

differences among teeth and implants and how force, either 
normal or excessive, can affect implants under occlusal loading.

The present study simulated clinical circumstances as far as 
was possible; nonetheless, 3D FEM studies present a limita-
tion in simplification of the analysis. On the other hand, it is 
difficult to standardize all factors in in vivo studies [26]. The 
numeric results reported in the present study must be taken 
as predictions within the limitations of the models presented 
because FEM models are a simplification of the actual struc-
ture. For example, a limitation of the FEM models in the present 
study related to the mechanical behavior of bone, which was 
presumed to be linearly elastic, homogeneous, and isotropic. 
Bone is a complicated living structure without a defined pat-
tern; its characteristics vary between individuals and its actu-
al mechanical properties have not been precisely defined [26]. 
Nevertheless, FEM is a promising noninvasive methodology 
that provides consistent results through the measurement of 
stress, compression, and displacement in implants and struc-
tures involved in rehabilitation [58,61].

Other limitations of FEM studies are simplification of the anal-
ysis regarding boundary conditions, osseointegration level, 
and direction of forces [46]. Furthermore, stress distributions 
around the implant vary according to the loading direction in 
vivo, whereas the loading direction is kept constant in vitro. 
This is one of the limitations of FEM studies [62]. Because the 
goal was not to determine exact stress values but to evaluate 
the effect of different All-on-4 designs, the limitations were 
the same for all 3 models in the present study. FEM is use-
ful to provide a general overview of the structural behavior 
of dental materials. However, it has been demonstrated that 
some factors can modify the hardness and surface character-
istics of restoration materials and the health of peri-implant 
tissues. One of these factors is cyclic loading [63], which can 
affect a multi-unit abutment screw and create a weak point 
that results in prosthetic complications [64]. An acid environ-
ment and polishing procedures also can affect surface rough-
ness, microhardness, and flexural strength of ceramics [65-67]. 
Another factor that should be monitored clinically is smoking, 
which has been associated with increases in marginal bone 
loss around implants [68]. There are also various factors that 
influence occlusal forces, such as age, craniofacial morphol-
ogy, gender, periodontal support of teeth, signs and symp-
toms of temporomandibular disorders and pain, tooth loss 
and type of restoration, malocclusion, total area of teeth in 
contact, oral motor function, and salivary gland function [69]. 
More study is required to determine the relevance of these 
variables in clinical practice. Advanced digital imaging tech-
niques can be used to model the bone geometry more realis-
tically and to more accurately predict stress; the anisotropic 
and nonhomogeneous character of the material must be con-
sidered, and boundary conditions must be attentively treated 
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with the use of computational modeling techniques. Although 
the findings of the present study may increase understanding 
of the stress levels and distributions in different implant con-
figurations, in vivo studies would be useful to investigate the 
influence of different configurations on the long-term viabili-
ty of prosthetic components and implants.

Conclusions

In the present study, for all the models, the strongest stress 
was observed on the posterior side with group function occlu-
sion. The stresses in question were not destructive, but con-
tinuity of them could be destructive to prostheses. Therefore, 
correct selection of the occlusion scheme could prevent fur-
ther biomechanical problems.

In the presence of atrophic premaxilla, placement of a short or 
angulated implant for All-on-4 treatment is a suitable option.

For all models and for both types of occlusion, more stress was 
observed in cortical than in spongious bone. The high-elastic-
ity modulus of cortical bone could lead to this result, but the 
stress values seen did not have destructive effects.

Given the limitations of the present study, the results show 
that use of short and angled implants in the maxillary edentu-
lous area with the All-on-4 technique can be successful if res-
toration is performed with an ideal occlusion design because 
the stress values for all of the models tested were below the 
threshold for causing damage.
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