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Abstract
Background

The All-on-4 concept is widely used for the rehabilitation of edentulous patients; however, the optimal
design of lateral occlusal guidance for maxillary All-on-4 prostheses remains unclear. Currently, there is a
lack of biomechanical evidence regarding different lateral guidance patterns under varying bone quality
conditions.

Methods

A three-dimensional finite element model was created using cone-beam computed tomography and
intraoral scanning data from a single healthy volunteer with intact natural dentition and bilateral canine-
protected occlusion. Four NobelActive implants (4.3 x 13 mm) were placed in the maxilla according to
the All-on-4 protocol. Four lateral occlusal schemes were simulated: canine-protected occlusion, two-
tooth group function, three-tooth group function, and posterior group function. Displacement-controlled
quasi-static loading was applied to replicate physiological mandibular movements under three bone
quality types (D2, D3, and D4, based on Misch classification).

Results

Stress was mainly concentrated at the implant cervical regions and the abutment—implant interfaces.
Under D2 bone quality, the abutment at position 12 exhibited a maximum stress of 230.09 MPa in
canine-protected occlusion, rising to 259.88 MPa in three-tooth group function. Compared with canine-
protected occlusion (113.65 MPa), the maximum implant stress at position 15 under three-tooth group
function (165.47 MPa) increased by 45.6%; at position 25, the increase was 75.6% (from 115.14 MPa to
202.23 MPa). Framework deformation increased from 0.0333 mm (D2, canine-protected) to 0.0496 mm
(D4, posterior group function), representing a 49% increase.

Conclusions

Canine-protected occlusion effectively reduces stress concentration in implants and composite
abutments of the maxillary All-on-4 system. Decreased stress at the implant-abutment interface in lower
bone density is accompanied by increased framework deformation. These biomechanical findings
suggest that canine-protected occlusion may offer mechanical advantages for maxillary All-on-4
rehabilitation, though clinical implementation should consider individual patient factors.

Background

Page 2/27



With the acceleration of population aging, the demand for edentulous jaw rehabilitation has increased
significantly. Due to maxillary sinus pneumatization, residual alveolar ridge resorption, and poor bone
quality, implant rehabilitation of the edentulous maxilla has long been recognized as a major clinical
challenge [1-4]. To avoid bone grafting, reduce surgical trauma, and bypass critical anatomical
structures such as the maxillary sinus or inferior alveolar nerve, the All-on-4 implant rehabilitation
concept has been proposed [5]. The All-on-4 fixed implant prosthesis employs four implants to support a
full-arch fixed bridge with 10—12 units. The distal implants are placed at an angle, allowing a reduced
number of implants and the use of distal cantilevers to enhance masticatory efficiency. The long-term
clinical outcomes of All-on-4 fixed implant prostheses are closely associated with biomechanical factors
[6]. In maxillary All-on-4 rehabilitation, the stress distribution in peri-implant bone surrounding the tilted
implant nearest to the distal cantilever remains controversial.

Both masticatory cycles and parafunctional activities generate substantial lateral forces during occlusal
load transmission [7]. Notably, in the All-on-4 concept, the prosthesis and implants are rigidly connected
as a single unit. Because implants lack the periodontal ligament, a critical structure for force dissipation,
occlusal loads are transmitted directly to the jawbone. This uneven stress distribution may lead to bone
resorption and biological complications, such as peri-implantitis, potentially resulting in implant
loosening and eventual failure [8, 9].

At present, there is no consensus regarding key occlusal issues in All-on-4 implant rehabilitation,
including the design of lateral movement patterns, highlighting the need for further investigation. With
the increasing integration of medicine and engineering mechanics, three-dimensional finite element
analysis has become an advanced and effective research tool in the field of dentistry [10]. The
construction of accurate three-dimensional models is a fundamental step in finite element
biomechanical analysis. CBCT data enable the development of precise anatomical models for medical
research. In this study, CBCT scanning data combined with three-dimensional reconstruction software
were used to establish a complete three-dimensional maxillary model, providing a reliable basis for finite
element analysis. This study analyzes the effects of different occlusal contact patterns on stress
distribution in All-on-4 fixed implant prostheses, providing biomechanical evidence for lateral occlusal
design and clinical occlusal adjustment.

Materials and methods

Study Design and Ethical Considerations

This computational biomechanical study was conducted following institutional review board approval
and adherence to Declaration of Helsinki principles. A single healthy volunteer provided informed
consent for digital imaging and mandibular movement recording procedures.

Subject Selection and Digital Acquisition
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A single healthy volunteer with intact natural dentition participated in this investigation. Selection criteria
included: symmetric facial morphology and dental arch, normal overbite and overjet relationships,
absence of temporomandibular joint disorders, absence of pathological tooth wear, and bilateral canine-
protected occlusion.

High-resolution cone-beam computed tomography (CBCT) imaging was performed using a 3D
Accuitomo system (Morita Manufacturing Corporation, Japan) with 0.125mm voxel resolution. Scanning
parameters included 90kV, 5mA, and 17.5-second exposure time, capturing anatomical structures from
bilateral condylar heads to mandibular inferior borders. Digital imaging and communications in medicine
(DICOM) format data were acquired for subsequent processing.

Complementary intraoral scanning was performed using an Aoralscan 3w system (SHINING 3D
Technology, China) to capture precise occlusal surface geometry, compensating for CBCT resolution
limitations in fine anatomical detail. Natural tooth occlusion was digitally replicated with interference
elimination and surface verification prior to model assembly.

Three-Dimensional Model Construction

DICOM datasets were imported into Mimics Research 21.0 software (Materialise NV, Belgium) for
anatomical segmentation and three-dimensional reconstruction. Individual anatomical structures
including cortical bone, cancellous bone, maxillary sinuses, and neurovascular bundles were extracted
using threshold-based segmentation algorithms combined with manual refinement techniques (Fig. 1).

Point cloud models generated through segmentation were converted to stereolithography (STL) format
for compatibility with computer-aided design software. Surface processing was performed in Geomagic
Studio 2021 (3D Systems Corporation, USA) using advanced smoothing algorithms and curvature
optimization techniques. Final models were exported in standard for the exchange of product model
data (STEP) format to maintain geometric precision across software platforms.

Edentulous maxillary models were created through digital tooth extraction and alveolar bone remodeling
simulation, incorporating clinically realistic healing patterns observed in edentulous anatomy. Socket
filling and ridge remodeling were performed using Boolean operations and surface sculpting techniques
to achieve anatomically appropriate edentulous morphology.

Implant and Prosthetic Component Modeling

Four NobelActive implants (Nobel Biocare AB, Sweden) with 4.3mm diameter and 13mm length were
digitally positioned according to established All-on-4 protocols using Solidworks 2023 software
(Dassault Systémes, France). Lateral incisor sites (positions 12 and 22) received vertically oriented
implants with 17° multi-unit abutments, while second premolar positions (15 and 25) accommodated
30° angled implants with corresponding 30° multi-unit abutments.
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A titanium framework was designed spanning from canine to first molar regions with 7mm distal
cantilever extensions. Framework dimensions were optimized for adequate strength while maintaining
appropriate prosthetic space. Zirconia crowns were modeled to replicate volunteer tooth morphology
with crown heights ranging from 7-9mm and anatomically appropriate emergence profiles.

All prosthetic components were assembled in Solidworks maintaining clinical clearances, proper
emergence angles, and physiologically appropriate contact relationships. Assembly constraints ensured
accurate spatial relationships between components while allowing for subsequent finite element
analysis preparation.

Experimental Group Configuration

Twelve experimental groups were established based on cancellous bone quality classification (D2, D3,
D4 according to Misch criteria) [11] and lateral occlusal guidance patterns. The specific configurations
are detailed in Table 1.

Table 1

Experimental Group Configuration (n =12)
Group Bone Quality Occlusal Guidance Type Contacting Teeth
Al D2 Canine-protected Canine
A2 D2 Group function (2-tooth) Canine, 1st premolar
A3 D2 Group function (3-tooth) Canine, 1st premolar, 2nd premolar
A4 D2 Group function (posterior) 1st premolar, 2nd premolar, 1st

molar

B1-B4 D3 Same as A1-A4 Same as A1-A4
C1-C4 D4 Same as A1-A4 Same as A1-A4
Notes. Bone quality categories were defined by density and Young’s modulus values: D2 = dense
cancellous bone (Young’s modulus: 5,500 MPa); D3 = medium-density cancellous bone (Young'’s
modulus: 1,600 MPa); D4 = low-density cancellous bone (Young’s modulus: 690 MPa).

Occlusal guidance patterns were defined as follows: Canine-protected occlusion, contact limited to the
canine only during lateral excursion,; 2-tooth group function, contact of the canine and first premolar; 3-tooth
group function, contact of the canine, first premolar, and second premolar; posterior group function, contact
of the first premolar, second premolar, and first molar with no canine involvement.

Material Properties and Interface Definitions

All materials were assigned isotropic, homogeneous, and linearly elastic properties based on established
literature values and experimental data [12—16]. Young's modulus values and Poisson's ratios were
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selected from peer-reviewed sources to ensure computational accuracy and clinical relevance (Table 2).

Table 2
Material Properties Used in Finite Element Analysis
Material Component  Young's Modulus (MPa) Poisson's Ratio Reference
Cortical bone 13,700 0.30 [10]
D2 cancellous bone 5,500 0.30 [11]
D3 cancellous bone 1,600 0.30 [11]
D4 cancellous bone 690 0.30 [11]
Titanium implant 115,000 0.35 [13]
Titanium abutment 110,000 0.35 [13]
Zirconia crown 210,000 0.27 [13]

Boundary Conditions and Loading Protocols

Maxillary bone surfaces were constrained in all translational degrees of freedom (X, Y, Z directions) to
simulate cranial attachment. This constraint configuration prevents rigid body motion while allowing
realistic stress development within the model.

Displacement-controlled quasi-static loading conditions simulated physiological lateral jaw movements.
The volunteer's mandibular movement trajectory, captured through intraoral scanning, was used as the
displacement boundary condition to simulate lateral movements through contact analysis. A friction
coefficient of 0.5 was applied, representing realistic contact conditions between natural enamel and
zirconia surfaces.

Loading trajectories were derived from recorded mandibular movement patterns, ensuring
physiologically relevant force directions and contact sequences. This approach eliminated unrealistic
force magnitudes while maintaining clinically appropriate stress distributions and contact relationships.

Finite Element Analysis and Computational Processing

Tetrahedral mesh generation was performed in Abaqus 2021 software (Dassault Systémes, France)
using advanced mesh generation algorithms. Mesh density was optimized through convergence testing,
with refined discretization applied to critical stress concentration areas including implant-bone
interfaces, abutment connection regions, and framework support areas (Table 3).
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Table 3
Finite Element Mesh Characteristics

Model Component Node Count Element Count Element Type
Implants 92,821 465,739 C3D4
Abutments 21,792 102,821 C3D4
Cortical bone 182,766 936,288 C3D4
Cancellous bone 78,139 328,143 C3D4
Framework 107,869 545,748 C3D4
Crowns 125,553 626,576 C3D4

Von Mises stress distributions and framework deformation values were calculated for each experimental
condition using implicit solution algorithms. Computational analysis was performed on high-
performance computing systems with adequate memory allocation for large-scale finite element
problems.

Data Analysis and Statistical Evaluation

Quantitative stress analysis focused on maximum von Mises stress values at critical locations including
implant cervical regions, abutment-implant interfaces, and framework connection areas. Color-coded
stress distribution maps facilitated visual analysis of stress concentration patterns and comparative
evaluation between experimental groups.

Framework deformation was assessed through displacement magnitude calculations at predefined
reference points. Statistical comparison between groups was performed using descriptive analysis and
percentage change calculations to identify clinically significant differences in biomechanical behavior.

Results

Overall Stress Distribution Patterns

Stress concentration consistently localized at the implant cervical regions and abutment-implant
interfaces across all experimental conditions. The Von Mises stress distribution of implants under D2
bone quality was evaluated across the four lateral guidance types (Fig. 2).

The corresponding stress distribution on the abutments highlighted that abutment components
experienced the highest stress concentrations among all prosthetic elements (Fig. 3). The stress
distribution on the frameworks exhibited a radial pattern originating from the abutment connection
interfaces (Fig. 4).
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Bone Quality Effects and Lateral Guidance Pattern
Influence

Compared with canine-protected occlusion (113.65 MPa), the maximum implant stress at position 15
under three-tooth group function (165.47 MPa) increased by 45.6%; at position 25, the increase was
75.6% (from 115.14 MPa to 202.23 MPa). Under D4 bone quality, the mean framework deformation for
posterior group function reached 0.0496 mm—an increase of 49% compared with 0.0333 mm under D2
canine-protected conditions (Fig. 5).

Table 4
Maximum Von Mises Stress Values (MPa) by Bone Quality Under Canine-Protected Occlusion

Implant D2 Bone D3 Bone D4 Bone Percentage Reduction
Position Quality Quality Quality (D2-D4)

Position 15 113.65 104.50 96.35 15.2%

Position 12 150.24 144.64 126.77 15.6%

Position 22 149.00 110.34 108.01 27.5%

Position 25 115.14 105.00 90.78 21.2%

Lateral Guidance Pattern Influence

Canine-protected occlusion consistently demonstrated superior biomechanical performance compared
to group-function alternatives across all bone quality conditions (Fig. 6). This finding supports clinical
preferences for canine guidance in natural dentition and extends these principles to implant-supported
prostheses.

Position 12 exhibited the most extensive stress distribution during canine-guided lateral movements,
with stress concentration areas significantly larger than other implant positions. This pattern reflects the
biomechanical role of canine teeth in lateral force management and suggests that position 12
experiences the highest mechanical demands during lateral jaw movements.

Maximum Von Mises Stress Values (MPa) UnchE)ZSBone Quality Across Lateral Guidance Patterns
Component Canine Protection 2-Tooth Group 3-Tooth Group  Posterior Group
Position 15 Implant 113.65 125.80 165.47 156.03
Position 12 Implant 150.24 163.21 198.70 158.44
Position 15 Abutment  132.20 141.74 191.03 201.21
Position 12 Abutment  230.09 243.34 259.88 210.07
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The maximum stress concentration occurred at position 12 abutment during three-tooth group function
(259.88 MPa), representing approximately 63% of titanium alloy yield strength (410 MPa). While this
value remains below immediate failure thresholds, repeated cyclic loading at these stress levels may
contribute to fatigue failure mechanisms observed clinically.

Framework Deformation Analysis

Framework deformation patterns demonstrated inverse relationships with bone quality, confirming
biomechanical principles relating material stiffness to structural deflection under load. Higher bone
density (D2) provided greater support rigidity, resulting in minimal framework deformation but increased
stress concentration at implant-abutment interfaces.

Table 6
Framework Deformation Values (mm) Across Experimental Conditions

Bone Quality Canine Protection 2-Tooth Group 3-Tooth Group Posterior Group

D2 0.0333 0.0355 0.0405 0.0451
D3 0.0365 0.0374 0.0430 0.0476
D4 0.0378 0.0384 0.0449 0.0496

Progressive increases in framework deformation correlated positively with both reduced bone quality
and increased numbers of cuspal contacts in group-function patterns. Maximum deformation occurred
under D4 bone conditions with posterior group function (0.0496mm), representing a 49% increase
compared to optimal conditions (D2 bone with canine protection).

Position-Specific Stress Analysis

Individual implant positions demonstrated distinct stress patterns reflecting their roles in overall
prosthetic function. Anterior positions (12, 22) experienced higher stress magnitudes during lateral
movements compared to posterior positions (15, 25), consistent with their primary load-bearing
responsibilities during lateral guidance.

Position 22 showed unique behavior patterns, with stress values remaining relatively stable across
different guidance patterns during right lateral movements. This finding suggests that contralateral
positioning during working-side lateral movements results in reduced loading compared to working-side
positions.

Posterior positions (15, 25) demonstrated progressive stress increases as guidance patterns shifted
from canine protection toward posterior group function. This transition effectively transferred loading
responsibilities from anterior canine positions to posterior implant sites, potentially exceeding optimal
loading thresholds for angled implant configurations.

Discussion
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Occlusal design plays a critical role in the long-term stability of implant-supported rehabilitations in
edentulous patients, with lateral occlusion being particularly influential. However, lateral guidance design
in edentulous implant prostheses remains controversial, with no consensus-based clinical guidelines
currently available. Commonly advocated concepts include balanced occlusion, group function, and
canine-protected occlusion, and their indications continue to be debated. Penarrocha-Diago et al.
suggested that occlusal schemes should be adapted according to opposing dentition, recommending
bilateral balanced occlusion against complete dentures and either group function or canine guidance
against natural dentition [17]. In contrast, clinical studies by Abduo et al. [18] and Miralles et al. [19]
reported no significant differences between group function and canine guidance in terms of patient
comfort or long-term outcomes, indicating that both schemes may be clinically acceptable.

For All-on-4 restorations specifically, previous finite element studies have produced conflicting results.
Turker et al. [20] reported lower stress in abutments, screws, and superstructures under group function,
whereas a separate analysis demonstrated reduced stress in implants and peri-implant bone under
canine-protected occlusion. Although similar computational methods were applied, these studies
focused on different structural components, suggesting that occlusal scheme-related stress responses
vary among bone tissue, implants, abutments, screws, and prosthetic frameworks. This heterogeneity
highlights the complexity of biomechanical behavior in All-on-4 systems and underscores the need for
comprehensive analyses that simultaneously consider multiple components during functional
movements.

Using three-dimensional finite element analysis under dynamic mandibular displacement, the present
study evaluated stress distribution in implants, abutments, frameworks, and surrounding bone under
different lateral guidance designs and bone quality conditions. The results demonstrated that canine-
protected occlusion was associated with more favorable stress distribution at the implant—abutment
interface and within the prosthetic framework during lateral excursions, whereas group function designs
involving posterior contacts generated higher stress concentrations, particularly under three-tooth
guidance. Stress at the 15 and 25 implant sites increased by up to 166% under group function,
suggesting a potentially elevated risk of mechanical complications. Abutments consistently exhibited
the highest stress concentration among all components, consistent with clinical reports identifying
abutment-related failures as common technical complications in All-on-4 restorations [21]

Stress magnitude was further influenced by implant position, angulation, and bone quality. Decreasing
bone density was associated with reduced stress concentration at the implant—abutment interface. This
phenomenon is not a biomechanical advantage; it is primarily attributed to increased micro-motion and
stress shielding caused by poor bone quality, which is accompanied by increased framework
deformation and structural compliance [22]. Excessive deformation may compromise prosthetic stability
and increase fatigue risk over time. Collectively, these findings suggest that lateral occlusal design
represents a critical and potentially modifiable factor in the biomechanical performance of All-on-4
prostheses. In the absence of clinical consensus regarding lateral guidance, canine-protected occlusion
appears to offer biomechanical advantages during lateral movements. Nevertheless, this study has
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several limitations. The finite element model was based on a single healthy volunteer, which fails to
reflect the complex mechanical environments of actual edentulous patients typically presenting with
alveolar bone resorption and soft tissue variations; therefore, it provides relative trends rather than
absolute clinical values [23, 24]. Regarding the simplified bone simulation, the study adjusted the
cancellous bone elastic modulus but maintained a constant cortical bone thickness, which may
overestimate implant stability in low-density bone (D4) where cortical thinning is common. Furthermore,
all materials were assumed to be isotropic and linear elastic, and the implant-bone interface was defined
as perfectly bonded. This idealized osseointegration ignores potential micro-motion during immediate
loading, potentially leading to an underestimation of stress. Additionally, while displacement-controlled
quasi-static loading eliminates artificial force assumptions, the dynamic resultant reaction forces
generated during displacement were not reported. Finally, the simulation did not account for
parafunctional movements, such as bruxism or clenching, which could generate significantly higher
stresses. Future studies incorporating patient-specific anatomy, diverse loading conditions, and time-
dependent adaptive responses are required to support the development of evidence-based occlusal
guidelines for edentulous All-on-4 implant rehabilitations.

Conclusion

Using three-dimensional finite element analysis under displacement-controlled quasi-static loading, this
study showed that lateral guidance design significantly affects stress distribution in maxillary
edentulous All-on-4 restorations. Canine-protected occlusion reduced stress concentration in implants
and multi-unit abutments compared with group function, whereas increasing the number of guiding
cusps in group function progressively increased stress. The highest stress during lateral guidance
consistently occurred at the multi-unit abutment. In addition, reduced alveolar bone density increased
framework deformation, suggesting a higher risk of mechanical complications. These findings provide
biomechanical evidence to inform occlusal design in All-on-4 rehabilitations, where clinical consensus
remains limited.
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Mimics Extraction of Maxillary and Mandibular Jawbones
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Mimics Extraction of Maxillary and Mandibular Jawbones
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Figure 1

Mimics Extraction of Maxillary and Mandibular Jawbones
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Figure 2

NobelActive Implant and 30° Angled Abutment
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NobelActive Implant and 30° Angled Abutment
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Figure 2

NobelActive Implant and 30° Angled Abutment

Page 18/27




Figure 3

Fully Assembled Solid Model in SolidWorks Software
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Figure 3

Fully Assembled Solid Model in SolidWorks Software
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Figure 3

Fully Assembled Solid Model in SolidWorks Software
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Figure 4

Volunteer's Centric Occlusion, Lateral Occlusal Movements, and Four Different Conditions
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Figure 4

Volunteer’s Centric Occlusion, Lateral Occlusal Movements, and Four Different Conditions
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Volunteer's Centric Occlusion, Lateral Occlusal Movements, and Four Different Conditions
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Figure 5

Maxillary Constraint Image
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Figure 5

Maxillary Constraint Image
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Maxillary Constraint Image
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Figure 6

Volunteer's Lateral Occlusal Movement Trajectory
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