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Abstract 

Background:  Many clinical studies have reported the high success rate of the All-on-4 concept. In the present study, 
we aimed to compare the stress distribution with different tilted distal implants and cantilever lengths in an All-on-4 
system using the two-dimensional photoelastic method and to establish the All-on-4 implant photoelastic model by 
computer-aided design (CAD) and rapid prototyping (RP). 

Methods:  The data of the human edentulous mandible were acquired by computed tomography (CT). Three human 
edentulous mandible All-on-4 implant models with different distally inclined implant holes were fabricated using 
Mimic, Geomagic Studio software, and a light solidifying fast shaping machine. Then the final photoelastic models 
were established through the traditional method. Each of the three models had four NobelSpeedy Replace implants 
between the interforaminal regions. The two posterior implants were placed 0, 15, and 45 degrees distally before the 
mental foramen. The four implants were splinted by wrought cobalt-chromium alloy frameworks. Each of the three 
photoelastic models was submitted to a 150 N vertical load at five points on the framework: the central fossa of the 
mandibular first molar, and 0 mm, 5 mm, 10 mm, and 15 mm of the cantilever length. The stress produced in the 
models was photographed with a digital camera, and the highest value of the stressed fringe pattern was recorded.

Results:  The All-on-4 implant photoelastic model established by CAD and RP was highly controllable and easy to 
modify. The position and inclination of implants were accurate, and the frameworks could be passively emplaced. 
The stress values were higher around a single tilted implant compared with the distal implant in All-on-4 with the 
same inclination. The 0-degree distal implant and 45-degree distal implant demonstrated the highest and lowest 
stress when loading at the central fossa of the mandibular first molar, respectively. With the same inclination of distal 
implant, the peri-implant bone stress increased as the length of cantilever increased.

Conclusion:  The method of establishing the All-on-4 implant photoelastic model by CAD and RP was highly control‑
lable, convenient, fast, and accurate. The tilted implants splinted in the fully fixed prosthesis with reduced cantilever 
lengths did not increase the stress level compared with the vertical distal implants.And this illustrated that the influ‑
ence of cantilever on stress distribution was greater than the influence of implant inlination.

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/. The Creative Commons Public Domain Dedication waiver (http://​creat​iveco​
mmons.​org/​publi​cdoma​in/​zero/1.​0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Open Access

*Correspondence:  baishizhu@foxmail.com; sfzhangfmmu@126.com

2 State Key Laboratory of Military Stomatology & National Clinical  Research 
Center for Oral Diseases & Shaanxi Key Laboratory of Oral  Diseases, 
Department of Prosthodontics, School of Stomatology, The Fourth Military 
Medical University, No.145, Changle West Road, Xincheng District, Shaanxi, 
Xi’an, China
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12903-022-02520-8&domain=pdf


Page 2 of 11Wang et al. BMC Oral Health          (2022) 22:469 

Background
The full-arch fixed prostheses (FFPs) supported by 
implants have been reported with a high success rate 
and patient satisfaction [1–5]. However, the rehabilita-
tion becomes rather complex for the atrophic edentulous 
mandible because of the anatomical structures in the 
posterior region, such as the maxillary sinus and mental 
foramen. The placement of implants between the mental 
foramen may result in a longer cantilever length of the 
framework, which increases the torque on the implants 
[6]. In these cases, other procedures have been proposed 
to overcome the limitations in the posterior maxilla or 
mandible. Short implants as the least intrusive treatment 
are indicated [7, 8]. When the bone height is insufficient 
even for short implants, other procedures may be used, 
including bone grafting and zygomatic implants. How-
ever, both the above-mentioned treatments have limita-
tions, such as surgical risk and complexity, and longer 
rehabilitation after the operation, which decreases the 
patient’s acceptance [9–11]. The use of tilted implants as 
an alternative has been proposed for the atrophic eden-
tulous mandible. Malo et  al. have proposed an All-on-4 
concept in 2003 and 2005 for the treatment of edentulous 
mandible and maxillary, which can rehabilitate the eden-
tulous jaws with four implants, including two vertical 
implants parallel to each other in the anterior region and 
two distally tilted implants in the posterior region. Tilted 
implants not only allow the placement of longer implants 
in the posterior region, avoid the bone graft, but also 
eliminate or reduce the cantilever extensions. Chrcanovic 
et al. have reported that differently angled implants may 
not affect the survival rate of implants and the loss of 
marginal bone [12]. Several studies have reported that 
tilted implants with shorter cantilever lengths do not 
increase the stress around the implants in the All-on-4 
concept [13, 14]. Studies reported that for FFPs sup-
ported by four to six implants, the maximum cantilever 
length should be no more than twice the anterior/pos-
terior (AP) length. And other researchers have recom-
mended that full-arch, screw-retained, hybrid prostheses 
with CL/AP ratios less than 1.0 resulted in virtually com-
plication-free prostheses [15, 16]. Nevertheless, few stud-
ies have reported the effect of cantilever length on stress 
distribution in All-on-4.

Photoelastic stress analysis has been widely applied 
to study dental biomechanics, which was first appeared 
in dental research with the publication by Noonan [17]. 
Over the years, the conventional method to establish the 
photoelastic model is a complex and time-consuming 

process, there may be some errors for the establishment 
of an implant photoelastic model, and the angle and site 
of the implants can not be accurately controlled. With the 
development of computer technology, computer-aided 
design (CAD)/computer-aided manufacturing (CAM) 
in combination with rapid prototyping (RP) has been 
widely used to design and fabricate the fixed, removable 
prostheses, implant surgical templates, and maxillofacial 
prostheses, which have been proved to be more precise 
and rapid [18, 19]. However, there are few studies about 
whether it can be used to fabricate the implant pho-
toelastic model. Therefore, we aimed to explore the fea-
sibility of the method to build the edentulous mandible 
All-on-4 implant photoelastic model with various distally 
tilted implants by CAD and RP technics and to evaluate 
the stress distribution at the bone-implant interface of 
tilted implants in an All-on-4 configuration with differ-
ent inclinations of distal implants and cantilever lengths 
using photoelastic stress analysis.

Methods
Statement
The materials used in the research were acrylic resin, 
cobalt-chromium alloy and implant. And no experiments 
on humans were performed in this experiment /or no 
human tissue samples were used, therefore ethics were 
not involved in the study.

Construction of photoelastic models
The edentulous mandible data were acquired by com-
puted tomography, and then the data were imported into 
Mimcs10.0 software to reconstruct a three dimensional 
(3D) model of the edentulous mandible. Geomagic Stu-
dio 13.0 software was used to edit and fair the surface of 
the edentulous mandible 3D models. The three models 
were then heightened to 35 mm considering the influence 
of counterforce. The anterior region was 12  mm wide, 
and the posterior area was 15  mm wide. In all models, 
two cylinders were designed to simulate implants in the 
lateral incisor region, which were perpendicularly aligned 
to the eventual occlusal plane with an interimplant dis-
tance of 12  mm. The two distal cylinders were placed 
6 mm anterior to the mental foramen. In the first model, 
the two distal cylinders were perpendicularly placed to 
the occlusal plane with the AP spread of 4.8  m. In the 
other two models, the two distal cylinders were distally 
tilted with an angle of 15 and 45 degrees respectively fol-
lowing the All-on-4 arrangement and the AP spread were 
5.7 and 9.3  mm respectively. All cylinders were 12  mm 
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long and 2.5 mm wide (Fig. 1a, b and c). The implant sites 
were reserved in the mandible models with the Boolean 
operation by subtracting the cylinder models and man-
dible models. Subsequently, each of the three models 
was designed into three modular structures according 
to the position of the two distal cylinders, in which the 
model was cut off at 2 mm anterior and posterior to the 
distal implants to acquire a larger mandibular base mod-
ule and two smaller modules including the tilted cyl-
inders (Fig.  2a and b). Two cylindrical tenon structures 
(2.0 × 3.0 mm) were designed between the base module 
and small modules. Once the desired mandible module 
models were obtained, they were saved as a file of stand-
ard STL format with the Geomagic Studio 10.0 software. 
The file of STL format was transmitted into stereolithog-
raphy (SLA) machine to convert the 3D image data into 
the thin section data. Moreover, the resin models were 
finally obtained using SLA technology. Three resin com-
bination models with different distally tilted implants 
could be obtained by combining the one base module 
and six small modules.

Three photoelastic models with implant sites were con-
structed with photoelastic acrylic resin by the conven-
tional mold-and-pour acrylic resin technique. The Nobel 
planting system was used to expand the implant hole in 
the photoelastic models step by step according to the 
position and direction. Then all implants (4.0 × 13  mm, 
Speedy Replace, Nobel Biocare) were embedded into the 
mandible photoelastic models. In addition, 4-mm mul-
tiunit abutments (Nobel Biocare) were connected to the 
axial implants, 4-mm, 17-degree multiunit abutments 
were connected to the 15-degree tilted implants, and 
30-degree multiunit abutments were connected to the 
45-degree tilted implants and tightened to 30 Ncm using 
a manual torque wrench.

Fabrication of cobalt‑chromium alloy framework
The framework models were designed with the Geo-
magic Studio 10.0 software according to the morphology 
of the mandibular alveolar ridge with a height of 4 mm, 
and the models were spaced out the mandibular alveo-
lar ridge 4 mm apart. For each of the framework models, 
two cone structures were designed to imitate the super-
structure of the multiunit abutments and two of 17- and 
30-degree multiunit abutments respectively. The inter-
nal structure and the height of the cone structures were 
equal to the superstructure of the multiunit abutments. 
The frameworks which could closely combined with 
multiunit abutments were obtained through the Boolean 
operation by subtracting the cone structures and the 
framework model, the arrangements of which were the 
same as the implants in the mandible models. For the 
application of the load, five disc-shaped structures were 

built on the upper surface of the framework at a canti-
lever length of 0  mm, 5  mm, 10  mm, and 15  mm, and 
the central fossa of the mandibular first molar. Then the 
framework models were saved as a file of standard STL 
format (Fig.  3), and the Co-Cr alloy frameworks were 

Fig. 1  Three-dimensional mandibular model with four cylinders 
simulating implants. (a) 0-degree distal implant model; (b)15-degree 
distal implant model; (c) 45-degree distal implant model
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fabricated. Multiunit abutments were fixed to the frame-
works by 20 Ncm torque screws with a manual torque 
wrench (Fig. 4a, b and c).

Photoelastic stress analysis
In the first test (test 1), each of the photoelastic models 
was placed on an anvil before and after the frameworks 
were tightened and the distal implant received vertical 
static load of 200 N. In the second test (test 2), a vertical 
load of 150  N was applied to the framework represent-
ing the central fossa of the mandibular first molar of each 
model. The cantilever lengths in the 0-,15- and 45-degree 
model were 20.4 mm, 18.2 mm and 9.3 mm. Then a ver-
tical load of 150 N was applied to the framework of the 
three photoelastic models at four loading points: cantile-
ver length of 0mm, 5 mm, 10 mm, and 15 mm. Isochro-
matic fringes produced in the acrylic resin models at the 
time of loading were photographed with a digital camera 
(Canon). The images obtained in the field of the circular 
polariscope were used to qualitatively analyze the stress 
distribution. Two sides of the models were recorded sep-
arately: left and right. The fringes were analyzed for two 
zones (apical:A and distal crest:B) as shown in Fig. 5.

The isochromatic fringes observed in a polariscope 
were generated from a passage of polarized light pass-
ing through a photoelastic model. A stress-free condition 
that was observed in the circular polariscope appeared 

black. When the load was applied to the model, a series 
of consecutive bands with different colors appeared in 
the stressed region-grey, white, pale yellow, orange, dull 
red, purple, deep blue, blue-green, yellow, orange, rose 

Fig. 2  Modular models. (a) Base module; (b) two smaller modules

Fig. 3  Three-dimensional framework model

Fig. 4  All-on-4 implant photoelastic models. (a) 0-degree distal 
implant of All-on-4 model; (b) 15-degree distal implant of All-on-4 
model; (c) 45-degree distal implant of All-on-4 model
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red, purple, green, yellow, red, and green. The dividing 
zone between red and blue was the first order, and that 
between the red and green was the second order [20]. 
Beyond this point, once a repetition of pink and green 
colors was observed, the transition indicated a new fringe 
order. Orders could be assigned to the next fringe, and 
when one fringe was identified, we should make sure that 
the direction of increasing fringe order corresponded to 
the correct color sequence. The number of fringes pro-
vided information on the strain magnitude. The region 
where fringes were closer to each other indicated higher 
stress concentrations.

Results
The All-on-4 implant photoelastic model was close to 
1:1 with the original model. Moreover, the model was 
featured a faintly yellowish, bright surface, homogene-
ous structure, and high optical sensitivity. The posi-
tion and inclination of implants were accurate, and the 
frameworks could be passively emplaced. The model was 
observed without initial stress. The stress distribution of 
the implant-bone interface with tilted distal implants and 
cantilever lengths could be qualitatively analyzed.

In test 1, single implant and All-on-4 distal implant 
showed similar isochromatic fringe patterns and fringe 
orders. The stresses were observed both in the distal crest 

and apical area of the tilted implants. However, for the 
vertical implant, the fringe patterns were mainly con-
centrated in the apical area. The photoelastic models 
and implant distribution was symmetrical on both side 
of the model, so when loading on the right and left side 
respectively the fringe patterns around the distal implant 
were similar on each side. Therefore, only the results of 
the left side were presented. The stress at the distal crest 
of the implant was increased as the inclination of the 
implant was increased. However, the stress in the apex of 
the implant was decreased. Figure 6a, b and c shows the 
isochromatic fringe patterns around the single implants. 
Figure 7a, b and c represents the stress distribution in the 
per-implant bone around the implants of the All-on-4 
photoelastic models.

For the axial implant, the 200  N load on the implant 
generated 2.65 and 1.0 fringe order of stress at the apex 
and neck of the implant, respectively. A 1.39 fringe order 
was observed at the distal crest, and a 2.35 fringe order 
of stress was observed in the apex of the 15-degree tilted 
implant. Loading on the framework of the 15-degree 
tilted implant resulted in a 1.22 fringe order of stress at 
the distal crest and a 1.82 fringe order of stress at the 
apex of the inclined implant. The maximum fringe order 
of 3 developed in the crest around the single 45-degree 
tilted implant and a 2.35 fringe order in the apex. For 
the 45-degree tilted implant of the All-on-4 model, a 
2.65 fringe order was observed at the distal crest, and a 2 
fringe order of stress was observed in the apex.

In test 2, when loading at the central fossa of the man-
dibular first molar, the use of a tilted implant reduced 
the cantilever length and the stress around the distal 
implant (Fig. 8a, b and c). Figure 9 illustrates the fringe 
orders observed in the peri-implant bone around the 
distal implants with graphic. The model with the maxi-
mum distal implant inclination (45-degree) correspond-
ing to the minimum cantilever length (9.8 mm) produced 
the lowest 2.35 and 2.5 fringes of stresses at the apex 

Fig. 5  Stresses in unloaded All-on-4 implant photoelastic model

Fig. 6  Stress distribution around single implants under a 200 N load. (a) Axial implant; (b) 15 degrees tilted implant; (c) 45 degrees tilted implant
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and the distal neck of the tilted implant, respectively. 
Moreover, the model with four parallel implants placed 
in the interforaminal area with the maximum cantilever 
length (20.5  mm) generated the highest fringe order of 
4.1 and 3.65 at the distal crest and the apex of the distal 
implant, respectively. In the three All-on-4 photoelastic 
models, the isochromatic fringe patterns were similar 
with the change of the cantilever length. The stress at the 

distal crest and apex of the distal implants was increased 
as the cantilever length was increased (Figs.  10, 11 and 
12). Figure  13 provide graphic representations of the 
fringe orders of stress distribution surrounding the distal 
implant with different cantilever length. The model dem-
onstrated that a 45-degree distal implant had higher peri-
implant bone stress compared with the 0-degree tilted 
implant with the same cantilever length.

Fig. 7  Stress distribution around the distal implants of the All-on-4 photoelastic models under a 200 N load. (a) Axial model; (b) 15 degrees tilted 
model; (c) 45 degrees tilted model

Fig. 8  Stress distribution around the distal implants when loading at the first molar. (a) Axial model; (b) 15 degrees tilted model; (c) 45 degrees 
tilted model

Fig. 9  Fringe order around the distal implants when loading at the first molar
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Discussion
In the present study, we investigated the stress distribu-
tion at the neck and apex of the dental implants in the 

All-on-4 concept with varying inclinations of the distal 
implants and cantilever lengths, after the axial load in 
photoelastic models mimicking an edentulous mandible. 

Fig. 10  Stress distribution around the 0-degree distal implants with different cantilever length under a 150 N load. (a) 0 mm of cantilever length; 
(b) 5 mm of cantilever length; (c) 10 mm of cantilever lenght; (d) 15 mm of cantilever length

Fig. 11  Stress distribution around the 15-degree distal implants with different cantilever length under a 150 N load. (a) 0 mm of cantilever length; 
(b) 5 mm of cantilever length; (c) 10 mm of cantilever lenght; (d) 15 mm of cantilever length
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The photoelasticity technique has the advantage of intui-
tive view and accuracy, which allows the observation of 
stress throughout the photoelastic model and the loca-
tion of the concentrations of stress. However, fabricating 
the photoelastic model is a much complex and time-con-
suming process, and has low accuracy. Therefore, CAD/
RP was used to build the edentulous mandible All-on-4 
implant photoelastic models in this study. The implant 
sites were reserved in the 3D mandibular and the load-
ing sites on the 3D framework were also reserved, so 

that we can control the implants position, inclination 
and loading accurately. The 3D edentulous mandible 
model was divided into the base module and two small 
modules including the tilted implants. And then the 3D 
models were constructed into resin models under the 
computer control, so the defects of the models could 
be found and modified in time. This ensured that the 
position of two vertical implants in the anterior region 
remained constant when replacing the remote implant 
module, achieving a high consistency between groups. 

Fig. 12  Stress distribution around the 45-degree distal implants with different cantilever length under a 150 N load. (a) 0 mm of cantilever length; 
(b) 5 mm of cantilever length; (c) 10 mm of cantilever lenght; (d) 15 mm of cantilever length

Fig. 13  Fringe order around the distal implants with tilting distal implant and different cantilever length under a 150 N load
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Modular methods can easily change the design according 
to different research needs. By replacing different plant-
ing modules to simulate different planting methods, the 
application is flexible and greatly saves the processing 
cost and time. This method not only simplified the proce-
dure, saved the materials but also allowed to control the 
position and angle of the implant accurately and greatly 
reduced human error. However, in the present study, it 
was impossible to calculate the stress value of the meas-
uring location in the 3D photoelastic models. Because of 
the different thicknesses and geometric configurations 
of the model, only a qualitative analysis could be made. 
Although using the fringe orders to represent the stresses 
around the implant might modify the magnitude of the 
stresses, the position and tendency of stress concen-
tration would not be changed. Therefore, we were still 
able to effectively analyze the stress distribution around 
the distal implants of the All-on-4 implant photoelastic 
models.

Tilted implants are used as an alternative for the 
atrophic edentulous mandible to avoid anatomic obsta-
cles, which allow using longer implants and shorter 
dental cantilever lengths. However, the peri-implant 
bone stresses around the single tilted implant have been 
reported to be two to five times higher compared with 
the stresses around the vertical implant [21]. In this 
study, Figs. 6 and 7 show the stress distribution around 
the single implant and the distal implants of the All-
on-4 implant photoelastic models. It showed that tilted 
implants produced higher peri-implant bone stress 
compared with the vertical implants, and the stresses 
were increased when the inclination of the implant 
was increased. These results were consistent with pre-
vious finite element analyses that examine the load 
transmission using different implant inclinations [22, 
23]. In addition, because of the distally tilted implants 
are splined with other three implants in a rigid metal 
framework, the rigidity of the framework and the ante-
rior and posterior spread of the implants can reduce the 
stresses transmitted to the tilted implants [24, 25], so 
the stresses at the neck of the tilted implant of the All-
on-4 implant photoelastic models are lower compared 
with the single implants of the same inclination. Balshi 
TJ et al. have reported that following the All-on-4 pro-
tocol, the cumulative implant survival rates of the tilted 
implants and axial implants are identical at 97.3% [26]. 
This finding indicates that tilted implants do not nega-
tively affect the stress distribution at the peri-implant 
bone regions.

A finite element analysis has concluded that when 
submitted to a static load, the main stress concentration 
can be found in the cervical region of the implant [27]. 

However, in this study, when a vertical load was applied to 
the axial implant, no matter a solitary implant or the dis-
tal implant of All-on-4, it showed that the highest stress 
was concentrated at the apical region of the implant. The 
increased inclination of the distal implant resulted in 
decreased stress values in the apical region and increased 
stresses in the cervical region. A photoelastic study has 
demonstrated that when analyzing the stress distribu-
tion in the apical region, there are significant statistical 
differences between the inclinations, with the higher 
stresses for the implant with increasing angulation, which 
is consistent with the experimental results [28]. In addi-
tion, because the model cannot be constructed based on 
the elastic modulus of cortical bone and cancellous bone 
with the homogeneous and isotropic characteristics of 
the photoelastic model, the physical characteristics of 
the peri-implant tissues could be completely reproduced, 
which might result in the stress concentration in the api-
cal region of the implant.

When the inclination of the distal implant remained 
constant, it seemed that the increase of cantilever length 
increased the cantilever length to AP spread ratio, and 
stress in the cervical and apical region of the implant 
was increased. However, with the same cantilever 
length, when the angulations of the distal implant were 
increased, the cantilever length to AP spread ratio was 
decreased. The stress value in the cervical region was 
increased, and the 45-degree model showed the highest 
values of stress. In the apical region, there was no obvi-
ous change. A retrospective study about the relationship 
between implant prosthetic complications in the patients 
with implant-fixed complete dental prosthesis and can-
tilever length to AP spread ratio has demonstrated that 
there is no significant effect on the complications no 
matter the AP spread ratio is greater than or less than or 
equal to 2.1 [29]. However, Carl Drago has stated that the 
cantilever length to AP spread ratio of interim, full-arch, 
screw-retained prostheses between 0.5 and 0.6 results in 
minimal prosthetic complications [30].

In the three All-on-4 implant photoelastic models, 
when loading on the central fossa of the mandibular 
first molar, the model of 0-degree and 45-degree distal 
implants showed the highest and lowest stress respec-
tively. Which indicating that compared with the incli-
nation of the distal implant, the change of the stress 
distribution of the peri-implant tissues was more signifi-
cant when the cantilever length was increased. Although 
the increase of the implant angle made the implant inser-
tion more difficult, The All-on-4 concept was also a pre-
dictable treatment option for patients with a severely 
atrophic mandible because of its better stress distribution 
and lower expenses.
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Conclusion
Within the limitations of this photoelastic stress analysis, 
it is simple and accurate to establish the All-on-4 implant 
photoelastic model by CAD and RP, which can easily 
control the differences between model groups and ana-
lyze the stress around the implant-bone interface. Single 
tilted implant and distal implant of the All-on-4 models 
increased the stress around the implant compared with 
the vertical implant. Moreover, the stress around the dis-
tal implant of the All-on-4 models was lower compared 
with a single implant with the same inclination of the 
implant. In case that the implant cannot be implanted 
vertically in the posterior region of the atrophic eden-
tulous mandible, the use of tilted distal implants in the 
All-on-4 fixed prostheses not only shortened the surgical 
period, but also reduced the cantilever length, decreased 
the maximum peri-implant bone stresses and improved 
the survival rate of the implants and restoration. The 
cantilever length of the All-on-4 fixed prostheses played 
a key role in the reduction of the stresses around the 
implants.
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