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Purpose: The aim of this study was to investigate the effects of tooth root inclination and crown preparation angulation on the stress
distribution of tilted second molars, supporting structures and adjacent implant by using the finite element analysis method.
Materials and Methods: 3D finite element models of tilted second molar and tooth-supporting structures, including the two designs
with three different angles of root inclination and crown preparation angulations, were constructed for full-crown restoration. For all
models, the stress distribution was analyzed under vertical and oblique loading conditions.
Results: The maximum equivalent stress (MES) increased as root inclination increased, and the highest stress value occurred in the
tooth root furcation of the model with 30° root inclination under oblique loading. When root inclination was the same, the MES of
each structure was approximate under the same direction load regardless of crown preparation angulation. Higher stress values were
found on the tooth root, periodontal ligament, and cortical bone of all models under oblique load compared with vertical load. The
highest stress value occurred in the distal adjacent area of implant.
Conclusion: Tooth roots with less than 30° inclination, occlusal preparation parallel to the bite plane and small oblique force loading
are recommended as significant considerations for full-crown restoration of a mesial inclined mandibular second molar.
Keywords: tilted mandibular second molar, full-crown restoration, implant, 3D finite element analysis

Introduction
Full-crown restorations can offer successful long-term outcomes and have been widely proposed in prosthetic dentistry
for decades. Restorations should allow practitioners to better reproduce natural contours for damaged and tilted teeth.1,2

In clinical practice, it is frequently found that the teeth adjacent to the edentulous area tend to tilt if the space has not
been restored in time.3 The conventional approach has utilized a fixed partial denture (FPD) applying teeth tilted less than
24° as the abutment.4 Although tilted molars restored with FPD are expected to be weaker than natural teeth, the
application can be considered a cost-effective and efficient alternative design option.

Recently, the development of implant technology has facilitated the scope of fixed denture prosthesis expansion. The
missing tooth can be replaced by an implant, which avoids the tilted molar as an FPD abutment. Therefore, the complex
FPD procedure is converted to a single tilted molar restoration. However, for excessively tilted molars, it is usually
difficult to decide whether to choose either orthodontic treatment to upright them or to use a full crown (including post-
core restorations) to adjust their axial inclination. Although orthodontic management is the ideal choice for tilted teeth,
restorations are usually chosen to manage tilted teeth because of their convenience, low time consumption, and low cost.5
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In general, the clinical longevity of the restoration can be affected by various factors, such as materials, design, and
load. A stable, clinically successful restoration is related to the understanding of biomechanics. Stress analysis is a useful
biomechanical tool for predicting the physical responses of a system, for example, the most likely fracture location.
Much has been reported on the magnitude and distribution of stress associated with various types of restoration.6,7

However, few reports have described stress changes in mandibular second molars with different inclined angles after full-
crown restoration. Previous studies demonstrate that the restorative materials can affect the mechanical response for full-
crowns,8,9 but there is a lack of information about inclined root. In addition, few studies have examined how different
occlusal surface preparation designs affect the stress distribution in tilted molars and supporting structures.

Therefore, this study aimed to investigate the effects of tooth root inclination and crown preparation angulation design
on the stress distribution of tilted second molars, supporting structures and adjacent implant by using the finite element
analysis (FEA) method.

Materials and Methods
A cone-beam CT-based (CBCT) technique was used for digital 3-D scanning (MCT-1, Morita, Japan) of the external profile
of the tooth and bone. After obtaining the fully consented formal permission of the patient, with a mandibular first molar
missing 6 years and a 30° root inclination of the second molar, the preliminary model was reconstructed according to the
CBCT data. The Ethics Committee of Ruijin Hospital, Shanghai Jiao Tong University School of Medicine approved the
study (2021–357). Next, the two designs were fabricated in terms of the preliminary model. As in the M1 model, a tooth with
three angulations of the root from the vertical direction (0°, 15°, 30°) and simulated ideal alveolar bone were assembled. For
the M2 model, a tooth with three angulations (10°, 20°, 30°) of crown preparation under the condition of 30° root inclination
and part of the real alveolar bone with implant restoration was assembled. Standard crown preparations of M1 and M2 were
designed with 5° convergence angle and an occlusal surface parallel to the bite plane. All models were restored computa-
tionally with a zirconia crown and cemented with the same resin cement.

SolidWorks 2018 software (SolidWorks Corporation, MA) was used to design diverse molar structures and their
supporting structures (Figures 1 and 2). A periodontal ligament (PDL) zone with a 0.2 mm thickness was constructed to
surround the outer surface of the portion of the two roots, starting from its tooth-bone junction. The cortical bone
surrounding the cancellous bone core was 2 mm thick. Furthermore, the crown preparation geometry, corresponding resin
cement layer (0.1 mm) and full-crown restoration were reconstructed sequentially under the unrestored molar. The final
model was composed of 6 parts, as shown in Figure 1. Subsequently, the adjacent implant with 4.1mm diameter and
corresponding abutment was assembled and shown in Figure 2.

The present work simulates occlusal events during chewing with respect to the stresses transferred to the tooth root,
PDLs and alveolar bones due to forces with different directions. ANSYS Workbench R18 (ANSYS Inc., Canonsburg,
PA) software was used to import the constructed model to generate a 3-D computational mesh (Figure 3). Mesh trials
were first performed to achieve the final analyzed model. The structures of the model were assembled assuming linearly
elastic and isotropic homogeneous materials, as shown in Table 1.10–14 Common contact between the assembly parts was
assumed to be perfectly bonded, whereas the contact between two crowns was set as no separate.

The normal occlusal load was assumed at three points of the modeled occlusal surfaces, which equally shared a force
of 100 N. The analysis was carried out according to two angles of the applied force (0°, 45°) from the axial (vertical)
direction of the crown.15 Axial and buccolingual forces are shown in Figure 3. For each load direction, a 3D FEA
computation was carried out to detect the site and distribution of the stress within each part of the model.

Results
The maximum equivalent stress (MES) values in the tooth root and supporting structures were visualized using shaded
images to demonstrate stress distributions.

M1 Model
The stress distribution of the M1 model under vertical and oblique loads is shown in Figure 4. MESs generated within the
ligament and cortical bone of the models upon vertical loading were located in the mesial buccal neck, while MESs in
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cancellous bone were exhibited in the mesial root apical part. When the load direction was oblique, the MES within the
above structures shifted to the mesial lingual cervical region, whereas the MES of cancellous bone was still in the mesial
apical area. In addition, MES within the tooth root, as root angulation increased to 30°, shifted from the mesial buccal
cervical region to the root furcation and reached the highest value. The magnitude of MES within diverse structures is
presented in Table 2. The value of MES within the root and cortical region was higher and increased, followed by root
inclination from 0° to 30°. Upon oblique loading, there was the same trend and an increase in the magnitude of the MES
compared with vertical loading. It is worth noting that the site and value of the MES in the cancellous region were similar
regardless of the force load direction.

M2 Model
The M2 model was based on the design of a 30° tilted root from the M1 model. The main stress concentration of this
model was on the MES sites and values at PDL, tooth root, cortical bone and implant of the model with the three angles
of crown preparation from root. As shown in Figure 5, upon vertical loading, the MES occurred in similar zone of the
same structure, and the value was approximate regardless of the crown preparation angle. The MES within the cortical
bone shifted to the lingual zone of the alveolar socket and reached the highest value of 42.527 MPa at oblique 100
N loading. Table 3 lists the values of MES generated within three structures of the models designed with different angles
of crown preparation at vertical and oblique loading. Moreover, the highest stress value occurred in the distal adjacent
area of implant.

Discussion
It is well known that angled abutments can compensate for the installation of an implant in a nonoptimal position.16 Most
FEA studies have reported that increased stress on implants and bone usually remains within physiological limits when
abutments are angled.17,18 The present study was inspired by the biomechanics of implant restoration with angled

Figure 1 Models (M1) with three angles of tooth root from the vertical direction (0°, 15°, 30°) and exploded view of simulation model design.
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abutments. In comparison with the straight molar, the MES in the root, ligament, and cortical bone of the 30° tilted molar
under vertical load increased by 40–50% according to Table 2, which remained less than the stress values of the straight
root under oblique load. From the results of stress analysis, the oblique load was the worst condition for all modalities, as
it increased the intensity of the stresses and the number of concentration areas due to the lever arm that was formed.19

Tilted molar is responsible for many dental diseases such as food impaction, dental caries, periodontal and occlusion
problems, which creates unstable occlusion and improper maintenance of oral hygiene.20 Therefore, it is advisable to
initiate treatment as soon as possible to restore arch integrity and a stable occlusion. A previous study indicated an
inverse relation between root tilt and the fracture resistance of restored teeth; furthermore, the stress distribution along
roots of restored teeth is highly dependent on the mechanical characteristics of the restorative systems.21 With regard to
the tilted molar in combination with missing teeth, current solutions of restoration consist of three-unit FPD and implant
combined crown restoration. The introduction of FPD may modify the stress distribution around tilted molar abutments
because the FPD can share the occlusal force on the tilted molar with the other abutments.22,23 However, the stress
concentration of the first premolar was greater than that of the molar, and the pattern of stress distribution in tilted molars
was not changed.24 It is appropriate to establish a balance between prosthetic and anatomical concerns when inserting an
implant. In comparison with FPD, the single-unit crown has better biomechanical performance due to the force value
reduction on the tilted root and bite force direction modification after the occlusal surface has been restored. According to

Figure 2 Models (M2) with implant and three angles of crown preparation from the tooth root (10°, 20°, 30°).
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our study results, stress value increased slowly in 15° and 30° tilted root compared to straight root, in addition, the sites
of MES both located on the mesial zone when root was straight and 15° inclination. As the angle increased to 30°, MES
concentrated on the furcation. The findings indicated that the results of the 30° inclination, especially in oblique loads,
presented apparent stress increases and site shifts, which may explain the clinical problem that molars with crown
restorations showed a higher prevalence of furcation involvement and attachment loss.25

The choice of full-crown restorative material is crucial for the tilted molar. Because of the trend toward more esthetic
and biocompatible restoration, different all-ceramic systems have been developed,26 in which high-strength ceramic
materials such as lithium-disilicate glass-ceramic and zirconia gained popularity.27 Since zirconia has higher flexural

Figure 3 M1 and M2 model views of the present mesh, the three loading sites with vertical and 45° buccolingual forces.

Table 1 Distribution of the Mechanical Properties of the Materials

Structure/Material Elasticity Modulus (MPa) Poisson’s Ratio

Tooth11 21,000 0.3

Periodontium13 70 0.45
Cortical bone10 13,700 0.3

Cancellous bone10 1370 0.3

Resin cement layer14 5900 0.27
Ceramic crown14 210,000 0.3

Implant (abutment, screw)12 110,000 0.35
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Figure 4 Stress distribution and maximum equivalent stress (MES) sites within the tooth root (TR), periodontal ligament (PDL), cortical bone (COB) and cancellous bone
(CAB) of the M1 model under vertical load application and oblique load application.
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Table 2 MES Values Generated Within the Tooth Root, Periodontal Ligament, Cortical Bone, and Cancellous Bone of the Three Models as a Result of the Analyzed Occlusal Forces
Applied at Different Load Inclinations

Vertical Direction Force (90°) Inclination Force (45°)

Angle of Root from Vertical
Direction

Ligament
(MPa)

Tooth Root
(MPa)

Cortical Bone
(MPa)

Cancellous Bone
(MPa)

Ligament
(MPa)

Tooth Root
(MPa)

Cortical Bone
(MPa)

Cancellous Bone
(MPa)

0° 2.087 6.386 3.547 2.922 4.958 10.291 8.235 2.651
15° 3.099 7.260 5.558 3.223 5.596 9.753 8.699 2.880

30° 4.216 8.893 6.956 3.236 6.039 11.153 8.961 3.233
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Figure 5 Stress distribution and MES sites within the tooth root (TR), periodontal ligament (PDL), cortical bone (COB) and implant (IMP) of M2 model under vertical load
application and oblique load application.
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Table 3 MES Values Generated Within the Tooth Root, Periodontal Ligament, Cortical Bone and Implant of the Three Models as a Result of the Analyzed Occlusal Forces Applied at
Different Load Inclinations

Vertical Direction Force (90°) Inclination Force (45°)

Angle of Crown Preparation from Root
Direction

Tooth Root
(MPa)

Cortical Bone
(MPa)

Ligament
(MPa)

Implant Tooth Root
(MPa)

Cortical Bone
(MPa)

Ligament
(MPa)

Implant

10° 8.635 15.144 2.507 106.34 11.535 42.527 4.007 162.83
20° 8.570 14.414 2.510 104.44 11.792 42.460 4.003 160.68

30° 8.597 15.157 2.513 104.63 11.718 42.399 3.995 155.23
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strength (>1000 MPa)28 than lithium disilicate (about 400 MPa),29 the fracture resistance of monolithic zirconia crowns
may be acceptable at tilted molar restoration. Considering that the tilting occlusal surface is restored, excessive load is
inevitable to correct, so the 100 N force was selected for the present investigation, which was commonly invoked in
similar FEA studies. The magnitude of that force has no influence on achieving the objective of comparing the stresses
generated within the periodontium of the three models at different load inclinations.15

Proper preparation can affect the load-bearing capability of restoration.6 Adequate preparation can lead to lower stress
in the restoration because of the increased restoration thickness.30 A previous study showed that differences in occlusal
preparation designs (anatomic, nonanatomic) did not result in differences in the distribution or amount of stress in pulp,
dentin, or bone.31 Thus, concern regarding the preparation angulation of tilted molars was proposed to compare the stress
of the M2 model. In Table 3 of the present study, the similar MES values and sites in the same structure can be attributed
to the occlusal preparation design parallel to the bite plane. The findings indicated that the parallelism of occlusal surface
preparation was more significant than the shape and angulation of preparation. Moreover, the highest stress was detected
in the contact area between tilted tooth and implant, which was likely related to clinical problems such as food impaction
and porcelain fracture.

Furthermore, the amount of tilting is directly related to the severity of both prosthetic and periodontal problems.32 In
the literature, there should be less than 24° degree of tilt of fixed partial denture (FPD) abutment teeth,4 but the reference
of single crown inclination has not been ascertained. Interestingly, when the root inclination is less than 30°, a successful
computational model can be constructed by software during the crown preparation process. This result is in accordance
with the clinical crown preparation with 5° convergence angle because root inclination exceeding 30° leads to difficulty
in distal zone preparation. In addition, restored occlusal contact can prevent the stress distribution and MES site of the
30° inclination model from exceeding physiological limits. This might be useful for the design of the 30° inclination as
the extreme full-crown restoration of compromise.

In the present study, the mechanics of different root inclinations were simulated using a typical M1 model. Moreover,
comparisons of different preparation angles of 30° inclination were performed in vitro. Some of the limitations of the
present study include static loads applied directly to the occlusal surfaces,33 which was a considerable simplification of
real occlusal forces. In addition, a variety of angle oblique loads should be evaluated to simulate bite force during
chewing. Although FEA is a useful tool for analyzing theoretical responses in biological investigations, in vitro studies
have limitations over attempts to produce a real clinical situation. This study’s results do not necessarily reflect the
clinical performance of the restorative approaches tested. Therefore, it might be considered from the achieved results that
full-crown adjacent to implant-supported restoration is an option for 30° tilted molars compared with the conventional
three-unit FPD.

Conclusions
Within the limitations of the study, it is possible to ascertain that the greater the inclination of the tooth root was, the
higher the stresses that occurred in the tooth roots and supporting structure. Stress distribution within root and supporting
structures was higher at oblique load than vertical load except for cancellous bone, whereas MES generated within the
root and supporting structure of the model with the same 30° inclination was approximate when the occlusal preparation
design parallel to the bite plane. Therefore, crown restoration for tooth roots with less than 30° inclination is acceptable
for the mechanical property of structures. Regardless of angle of crown preparation, more attention should be paid on
occlusal preparation parallel to the bite plane. In all modalities, the oblique load was the worst condition for full-crown
restoration of a mesial inclined mandibular second molar.
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