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Abstract 

Objectives  To compare the stress distribution and crack propagation in cracked mandibular first molar restored with onlay, 
overlay, and two types of occlusal veneers using two different CAD/CAM materials by Finite Element Analysis (FEA).

Materials and methods  A mandibular first molar was digitized using a micro CT scanning system in 2023. Three-
dimensional dynamic scan data were transformed, and a 3D model of a cracked tooth was generated. Finite element 
models of four different models (onlay, overlay, and two types of occlusal veneer restored teeth) were designed. Two 
different CAD/CAM materials, including Lava Ultimate (LU) and IPS e.max CAD (EMX), were specified for both mod-
els. Each model was subjected to three different force loads on the occlusal surfaces. Stress distribution patterns 
and the maximum von Mises (VM) stresses were calculated and compared.

Results  Compared to the base model, all restorations showed that high-stress concentration moved from the lower 
margin of the crack area towards the top of the crack area. The EMX-restored onlay, overlay, and occlusal veneer 
2 had the lower stress in the cracked area and the lower average von Mises stress levels at the lower margin 
along the cracked line, especially under the 225N lateral force (P < 0.05). The occlusal veneer 1 filled with resin had 
a poorer stress distribution and higher stress concentration of stress at the remaining crack than the occlusal veneer 2 
without resin filled inside.

Conclusions  The EMX restorations with onlay, overlay, and occlusal veneer 2 showed lower stress concentration 
at the lower margin of crack surface compared to the LU-restored models. The occlusal veneer with internal resin filler 
exhibited higher stress on the end of the lower margin of the crack surface.

Clinical relevance  Our results suggest that onlay, overlay ceramic restorations and occlusal veneer (without resin 
filling inside) may be a favorable method to prevent further crack propagation.

Trial registration  A protocol was specified and registered with the Chinese Clinical Trial Registry (ChiCTR) on 2022–
04-12 (registration number: ChiCTR2200058630).
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Introduction
An incomplete tooth fracture, or “cracked tooth,” is “a 
thin fracture plane of unknown depth, originating from 
the crown, extending through the tooth structure, and 
may extend sub-gingivally, and possibly continue to 
develop a connection to the pulpal space and/or peri-
odontal ligament” [1, 2]. Cracked teeth are a prevalent 
problem, with nearly 70% of dental patients having at 
least one cracked posterior tooth, of which 21% have 
symptoms [3]. The most common types of posterior teeth 
are mandibular molars, maxillary molars, and maxillary 
premolars [4, 5]. In the earlier stage, a cracked tooth can 
lead to sharp pain during the bite, cold irritation pain, or 
deep periodontal pockets associated with cracks [6, 7]. 
Due to the variety of symptoms, diagnosing a cracked 
tooth is not simple. There is no effective clinical method 
to predict crack extension, although there are some appli-
cations, such as dye tests, transillumination, or micro-
scopic detection [7, 8]. Early diagnosis of cracked teeth is 
essential as it relates to the treatment selection and long-
term prognosis of cracked teeth [9].

Treatment options for cracked teeth are complex. They 
depend on the sites, directions, degree of the cracks, and 
symptoms. The prognosis depends on three factors: the 
extent of the crack, the choice of coronal restoration, and 
the time of initiating treatment [10]. In previous studies, 
if the crack did not involve the pulp, it could be conven-
tionally restored using composite restorations [11, 12] 
or external splints such as crowns [13] and overlays [14]. 
If the crack penetrates the dental pulp, even with root 
canal treatment, it is difficult to remove the crack line 
altogether, complicating the prognosis. Therefore, early 
detection and timely treatment of cracked teeth are cru-
cial to maintain pulp vitality and prevent or delay the fur-
ther expansion of cracked teeth [13].

Treating cracked teeth remains very challenging in 
daily practice. The efficacy of treating cracked teeth is 
primarily based on clinical observations. It is impossi-
ble to directly compare the treatments used in different 
studies due to differences in criteria, sample sizes, and 
treatment methods. As a result, there are differences 
among general dentists, prosthodontists, and endodon-
tists in the treatment of fissured teeth [15]. In addition, 
the researchers did not explain the dynamic mecha-
nisms that inhibit crack expansion when proposing 
treatment protocols. Niek J M Opdam et al. performed 
direct composite resin restoration on 41 patients with 
cracked teeth. They found that the group with cuspal 
coverage had no failure records, and 94% of the teeth 
without cuspal coverage retained pulp vitality after 
seven years. They believe that direct bonding compos-
ite resin restorations may be a good choice for treating 

painful cracked teeth [11]. However, some researchers 
have recommended the use of cusp-protected indirect 
restorations. Antonio Signore et  al. found that painful 
cracked teeth treated with bonded indirect resin com-
posite onlays were free of symptoms and vital, and the 
6-year survival rate of over 90% [16]. According to Krell 
and Rivera’s research results, a full crown appears less 
effective in maintaining pulp vitality. Of 127 symp-
tomatic cracked teeth, 20% required pulp treatment 
within six months [6]. During crown placement, a large 
amount of tooth tissue must be removed, which may 
result in pulp damage and require corresponding root 
canal treatment. From the above research results, it can 
also be seen that there is currently no recognized early 
intervention treatment method for early cracked teeth.

Occlusal veneers are thin coverings that can cover 
the entire cusp due to their strength and ability to sta-
bilize the cusp, serving as an option for cracked teeth 
[17, 18]. More and more studies use occlusal veneers to 
treat severe tooth wear and reestablish the occlusal ver-
tical dimension [19, 20]. Researchers have used occlusal 
veneers for the treatment of early cracked teeth, but no 
clinical studies have been reported so far. Therefore, we 
envisioned whether they could be validated in vitro by 
the 3D finite element method [21].

Three-dimensional finite element analysis (FEA) is 
an established and non-invasive method for simulating 
the teeth and evaluating the mechanical forces on teeth 
and restorative materials [22–25]. Some researchers 
have explored the correlation between oral functional 
behaviors, tooth factors, and cracked teeth and found 
that eating hard food, occlusal restoration, and cus-
pal inclination were associated with posterior cracked 
teeth [2]. Some studies have explored the stress distri-
bution in the restorations of cracked teeth with fiber-
reinforced composites and onlays [26]. However, to our 
knowledge, no studies have reported the distribution 
of occlusal stress when onlays, overlays, and occlusal 
veneers are used to repair vital cracked teeth. The treat-
ment of cracked teeth aims to prevent masticatory 
force from concentrating in the cracked area, and finite 
element analysis is a valuable method for mechanically 
evaluating the adequacy of cracked tooth treatment 
and predicting the prognosis.

This experiment employed three-dimensional finite 
element analysis to study the stress distribution of vital 
cracked teeth and crack propagation before and after 
onlay, overlay, and two types of occlusal veneer restora-
tions. It will provide a biomechanical theoretical refer-
ence for selecting a restoration method for cracked teeth 
with living pulp.
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Materials and methods
Numerical modelling by FEA
This study was approved by the ethics committee of Nan-
jing Stomatological Hospital, Affliated Hospital of Medi-
cal School, Institute of Stomatology, Nanjing University 
(No. NJSH-2023NL-014–1). Three-dimensional (3D) FE 
models were generated from a freshly extracted sound 
human mandibular first molar in this study. A three-
dimensional CAD model of the first mandibular molar 
was created by using a micro-computed tomography 
(micro CT) scanning system (NewTom 5G, Quantitative 
Radiology, Verona, Italy) and SolidWorks 2017 software 
(SolidWorks, 2017; Dassault Systèmes) for generating 
dentin, pulp, and enamel. The scanned dataset was con-
verted to the Standard Tessellation Language (STL) file 
format. To evaluate authenticity, these files were loaded 
into reverse engineering software (Geomagic Studio, 
2013; Rainbow et  al., USA). Accurate geometries were 
obtained by removing nails and unwanted features from 
the model and then optimizing and smoothing the model.

The STP geometric model file saved in the Geomagic 
Studio 2013 software was opened in SolidWorks 2017 
software (Dassault Systems SolidWorks Corp., Waltham, 
MA). Following the software prompts, the geometric 

model was characterized, curve diagnostics were per-
formed, and surfaces were repaired and saved. Enamel 
and pulp were calculated to obtain a model of the tooth. 
Regarding the crown, the buccolingual and mesiodistal 
diameters were 10.1 and 11.9 mm respectively, and cer-
vico-occlusal length was 7.8 mm.

A cracked tooth model was simulated using the sur-
face stretch and resection commands by SolidWorks 
2017 software. The experimental assumption was that 
the central single-ended crack was located near the 
central fossa, crossed the distal marginal ridge, and was 
deep enough to reach below the enamel-dentin junc-
tion, and the crack was 100 μm at its widest point. We 
used a solid modeling approach to create the crack. 
Finally, the file was saved, and the file format is saved 
as the SLDPRT part. Figure 1 shows the cracked tooth 
model used in this study.

Construction of the restoration models
In order to combine the datum and surface of the estab-
lished cracked tooth model, sketching is carried out 
using commands such as segmentation, Boolean opera-
tion, rounded corners, excision, and lofting, etc. Finally, 
solidification is carried out through the surface excision 

Fig. 1  The 3D tooth model of crack formation and force load. a1-a3 The model of the cracked teeth; b1 Ball-shaped occlusal load of 800 
N was applied to the central groove area of the model. (b2) A total force of 600 N was applied to 8 points. b3 A force of 225 N was applied 
to the buccal plane of the buccal cusp at 45° to the longitudinal axis of the model
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operation. By performing design operations on the cur-
rent model, a restoration model of the mandibular first 
molar can be obtained, which contains four restoration 
types (Fig. 2).

A form (Onlay): Regarding the onlay form, the inlay 
form was designed with a 2.0  mm occlusal reduction, 
a 2.0  mm buccal reduction, and a 1.5  mm reduction 
for the distobuccal and distolingual cusps. The over-
all preparation angle towards the occlusal surface is 
6°, and all the edges of the cave wall and the inner line 
corner are rounded. The yellow part is a cavity-shaped 

adhesive coated inside, and the split high inlay res-
toration is assembled into the defect area to obtain it 
(Fig. 2a).

B form (Overlay): Similar to onlays, the inlay form 
of the overlay was designed with a 2.0  mm uniformly 
occlusal reduction based on its external curvature (2 mm 
on buccal cups, 1.5 mm on lingual cusp) (Fig. 2b).

C1 form (Occlusal veneer 1): Firstly, the model was 
filled with flowable resin composite after the cracks were 
ground out, and then the occlusal surface was uniformly 
ground out by 1  mm and prepared to wrap around the 

Fig. 2  Various restorative designs. a Onlay form; b Overlay form; c Occlusal veneer 1 form; d Occlusal veneer 2 form
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shaft wall with a 1.5 mm height, a 1 mm shoulder width, 
and a 6° shaft surface convergence. And the butt joints 
were prepared according to the inclination of the occlusal 
surface (Fig. 2c).

C2 form (Occlusal veneer 2): Similar to the overlay, the 
occlusal surfaces were uniformly ground out by 1  mm, 
and the axial walls were prepared to be wrapped; the 
axial wall height is 1.5 mm (Fig. 2d).

Table 1 lists the number of nodes and elements in dif-
ferent zones of the model.

Elastic properties of the materials
The geometric model was imported into the Abaqus soft-
ware (SIMULIA, Dassault Systèmes, Johnston, RI, USA). 
In the property module, the material property param-
eters of enamel, dentin, pulp, periodontal ligament, and 
alveolar bone were established respectively and assigned 
to the corresponding components. The offset surface in 
the SolidWorks software was utilized for surface trim-
ming and thickening to obtain the cement layers of 3 M 
RelyX Unicem (with a thickness of 120 µm) and Dental 
Resin Luting Materials (with a thickness of 20  µm). For 
model A form (onlay), model B form (overlay), and model 
C2 form (occlusal veneer 2), the porcelain restoration is 
directly bonded to dentin, and the bonding layer is a 3 M 
RelyX Unicem cement layer with a thickness of 120 µm. 
For model C, after the cracks are ground out, the model 
is filled with flowable resin composite. The resin and the 
dentin at the bottom of the cavity are bonded by a dental 
resin luting material with a thickness of 20 µm. The bond-
ing layer between the resin restoration and the porcelain 
restoration is also a layer with a thickness of 120 µm.

In the Assembly module, the imported model compo-
nents were assembled. In the Step module, the Static-
General analysis type was established. Then, in the 
Interaction module, the contact of each component 
of the model was defined as a Tie connection, that is, 
binding contact (Fig. 1). The teeth and materials of the 
different zones of the tooth assembly were assumed to 
be linearly elastic, isotropic, and homogeneous [25, 26]. 

Table  2 lists the material values (modulus of elasticity 
and Poisson’s ratio) from the relevant literature we have 
referenced. The bottom of the alveolar bone was fixed, 
and loads of 800 N, 600 N, and 225 N were respectively 
applied at the relevant positions of the molar enamel as 
mentioned later to simulate the states of masticatory 
force, maximum chewing force and lateral chewing.

Loading process
To simulate the mandibular first molar during mas-
ticatory movements, three loads were applied to the 
cracked teeth model, as shown in Fig.  1. The loading 
process is as follows:

1)	 For the analysis of masticatory force, a stainless steel 
ball with a radius of 2 mm was prepared to apply a 
force of 800 N. The contact between the steel ball and 
the occlusal surface had a frictional coefficient of 0.3 
[34] (Fig. 1b1).

2)	 To simulate the maximum chewing force, a verti-
cal pressure load of 600 N, with 75 N at each load-
ing point, was applied to 8 different areas on the 
occlusal surface. The force was respectively loaded on 
the inner inclined lingual cusp, slightly to the outer 
side of the top of the mesiodistal buccal cusp, at the 
central fossa, and on the inner side of the mesiodistal 
marginal ridge [35, 36] ( Fig. 1b2).

3)	 A total force of 225 N was applied to the buccal plane 
of the buccal cusp at a 45° angle to the longitudinal 
axis of the teeth, and a total of 3 points (75 N each) 
were allocated to simulate the lateral chewing load 
[35] [36] (Fig. 1b3).

Table 1  Restoration design and materials of experimental eight 
models

Model Restoration 
design

Adhesive layer Nodes Elements

Base 79,528 369,743

A form Onlay 3 M RelyX Unicem 121,024 519,850

B form Overlay 3 M RelyX Unicem 141,216 601,849

C1 form Occlusal veneer 1 Dental Resin Luting 169,757 734,233

C2 form Occlusal veneer 2 3 M RelyX Unicem 140,030 591,263

Table 2  The mechanical properties of the investigated materials

Material MOE(MPa) Poisson’s 
ratio 
(μm)

Thickness (μm)

Enamel [27] 84,100 0.30

Dentin [27] 18,600 0.31

Bone [28] 13,700 0.30

Pulp [29]
Parodontium

2.07
68.9

0.45
0.45

Lava Ultimate [30]
IPS e.max CAD (EMX) [31]

12,770
95,000

0.30
0.25

Flowable resin composite 
(SDR) [32]

8000 0.20

3 M RelyX Unicem [33] 5000 0.27 100

Dental Resin Luting Materials 
[27]
Steel ball

8300
200,000

0.35
0.3

20
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Statistical analysis
An analysis was carried out regarding the stress dis-
tribution of the occlusal surface, the bottom surface 
of the restoration, and the longitudinal section of the 
mesial teeth of all models. The von Mises stress values 
at the lower margin of the crack surface were meas-
ured at 15 points in each model (Figs. 8 and 9). Paired 
t-tests and Bonferroni corrections were employed to 
statistically compare the dental models using SPSS 
23.0 software (SPSS Inc., Chicago, Illinois). A P value 
less than 0.05 was considered statistically significant.

Results
Stress patterns and distribution of occlusal surface, dentin 
and restoration surface
Figure  3 shows a horizontal view of the mechanical 
behavior of the occlusal surface of a cracked tooth. 
These images indicate that the stress concentration 
and absorption modes under load vary significantly 
depending on the material and restoration design. 
The choice of repair material also affects the distribu-
tion and magnitude of stresses when the same repair 
method is applied under forces of 800 N, 600 N, and 
225 N (Fig. 3d). Overlay and Occlusal veneer 2 cover-
ing the occlusal surfaces with IPS e.max CAD (EMX) 
showed the minimal stress values under the three 
loads. The results showed that Lava Ultimate restora-
tions under 800 N vertical stress all had higher den-
tin stress than the control group, and only the occlusal 
veneer 2 group with IPS e.max CAD (EMX) was lower 
than the control group. The distribution of Von Mises 
stresses on the remaining dentine of the models (ALU, 
BLU, CLU, CLU 2, AEM, BEM, CEM, CEM 2) was 
reduced under a total multipoint lateral force of 225 N 
(Fig.  4). Figure  5 shows the stress distribution of the 
restoration surface, and it was found that restorations 
with IPS e.max CAD (EMX) showed higher Peak Von 
Mises Stress values than Lava Ultimate restorations 
under 800 N. However, there was no significant dif-
ference between the groups for force loading of 600 N 
and 225 N (Fig. 5).

Stress distribution and measurement along the bottom 
of the crack line
Figure 6 shows the horizontal view of the stress distribu-
tions along the bottom of the crack line. It is pronounced 
that with Lava Ultimate, the stresses at the cracks are 
rather more aggregated under a total force of 600 N, with 
IPS e.max CAD (EMX), the stresses at the cracks become 
less noticeable, especially for Fig.  6 (b5, b6, b8). Under 
a total multi-point lateral force of 225 N, the stresses 
are mainly concentrated at the crack and near the edge 
ridge in the base group. Regardless of the restorative 
materials and designs, the stress value at the crack line 
all decreased. Still, it was more evident in the IPS e.max 
CAD (EMX) material group (Fig.  6 c5-c8), especially in 
c5, c6, and c8 where the stress concentration at the crack 
was no longer visible.

Whether the stress at the hidden crack can be reduced 
after repair is crucial. Figure 7 shows the stress patterns 
along the crack surface after various treatments. In the 
base model, at 600 N and 225 N, the stress was concen-
trated entirely at the bottom of the crack. With restora-
tion, the stress value moves up to the upper part of the 
crack. After comparing the maximum stress values of the 
groups after restoration, it was found that the onlay, over-
lay, and occlusal veneer 2 using IPS e.max CAD (EMX) 
were the lowest.

In addition, to detect changes in stress at the bottom 
of cracks, we measured the von Mises stress levels at 
15 nodes with lower remaining crack lines in the basic 
model and after restorations (Fig. 8). Under the action of 
forces of 800 N and 600 N, the concentrated stress level 
at node 1 was the lowest, gradually increasing towards 
node 11 and then decreasing. Under 225 N lateral force, 
it was highest at nodes 7, 8, and 9, and the value stead-
ily reduced. At 800N, there was no significant difference 
in any of the repair modes of Lava Ultimate compared 
to the primary mode. However, when repaired with IPS 
e.max CAD (EMX) of the same repair design, the Von 
Mises stress levels decreased significantly. The Von Mises 
stress level from node 1 to node 11 decreased signifi-
cantly when repaired with IPS e.max CAD (EMX) under 
600N force, but the Von Mises stress level from node 12 

Fig. 3  Stress patterns and distribution in a cracked tooth according to various treatment modalities of occlusal surface. (a1-a4) (b1-b4) (c1-c4) 
the porcelain material is Lava Ultimate; (a5-a8) (b5-b8) (c5-c8) the porcelain material is IPS e.max CAD (EMX); (a1-a8) The distribution of VM stress 
on the occlusal surfaces of the models (ALU, BLU, CLU, CLU 2, AEM, BEM, CEM, CEM 2) under a total vertical force of 800 N; (b1–b8) The distribution 
of VM stress on the occlusal surfaces of the models (ALU, BLU, CLU, CLU 2, AEM, BEM, CEM, CEM 2) A total force of 600 N with direction aligned 
vertically along the tooth axis was applied to 8 different points; (c1–c8) The distribution of VM stress on the occlusal surfaces of the models 
(ALU, BLU, CLU, CLU 2, AEM, BEM, CEM, CEM 2) under a total multipoint lateral force of 225 N; d The maximum von Mises stress values (MPa) 
on the occlusal surface

(See figure on next page.)
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Fig. 3  (See legend on previous page.)
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to node 15 was higher than that of the base model. It was 
more evident that the von Mises stress values decreased 
significantly in all models when subjected to 225 lateral 
forces, more significantly in the case of onlays, overlays, 
and occlusal veneer 2. Among the various treatment 
models, the occlusal veneer 1 of Lava Ultimate (CLU 1) 
showed the highest stress levels at most measurement 
nodes. At node 15, IPS e.max CAD (EMX) inlay (AEM), 
overlay (BEM), and occlusal veneer 2 (CEM 2) showed 
the lowest stress levels.

Figure  9 shows the average stress level at the lower 
margin of the remaining crack surface. The stress level 
was significantly different between Lava Ultimate (ALU/
BLU/CLU/CLU 2) and IPS e.max CAD (EMX) (AEM/
BEM/CEM/CEM 2) under the three Loading Processes 
(P < 0.05). Among the three stress loading modes, AEM, 
BEM, and CEM 2 had the lowest stress values (P < 0.05) 
(Fig. 9).

Discussion
The diversity of treatment options and the uncertainty 
of the prognosis of the affected cracked tooth make it 
challenging for clinical dentists. Delayed treatment may 
lead to crack propagation, bacterial invasion, and pulp 
infection, ultimately leading to severe pulp and periapi-
cal diseases, which become the main causes of tooth loss. 
However, the early symptoms of a cracked tooth are not 
obvious and are easily confused with other diseases. It is 
difficult for dentists to diagnose and determine the degree 
of crack progression [37]. One of the goals of treatment is 
to immobilize cracked tooth fragments that move during 
the loading process. This can be accomplished by cover-
ing the cusps. Cusp coverage is equivalent to overlapping 
the cusp of a cracked tooth, and indirect restoration can 
protect and strengthen the remaining tooth structure. 
Indirect restorations of cracked teeth usually include 
inlay, overlay, and full or partial crown restoration [38]. 
The study on the treatment decisions for cracked teeth 
found that the treatment options chosen vary greatly, 
especially for asymptomatic cracked teeth [39]. There-
fore, the treatment method for early cracked teeth is 
challenging.

With the development of adhesive bonding techniques 
in recent years, minimally invasive dentistry has become 

a hot topic in clinical restorative dentistry research. 
Previous studies have shown that molars restored with 
occlusal veneers exhibit satisfactory mechanical prop-
erties, which supports the use of non-retentive occlusal 
veneers to treat occlusal abrasion and erosion [19, 40]. 
However, there is no direct comparison of the outcomes 
of the onlay, overlay, and occlusal veneers, and there is a 
need fora consensus on the optimal materials and designs 
to prevent the expansion of residual crack propagation. 
Therefore, we used three-dimensional finite element 
analysis to compare the crack line and residual dentin 
stress pattern before and after treatment with various 
materials and designs in the same cracked tooth model. 
Our study examined two materials and four preparatory 
designs for mandibular first molar cracked teeth, includ-
ing onlay, overlay, and two occlusal veneers. Regarding 
restoration materials, our analysis included MOE, Pois-
son’s ratio, and layer thickness, with MOE being the 
parameter that has the most significant impact on the 
results.

In the results, we found that materials have a more sig-
nificant impact on the stress of dentin and cracks, and 
different preparation methods for the same veneer also 
affect the stress. Regarding repair methods, the stress val-
ues on the tooth surface of the overlay and the occlusal 
veneer 2 are relatively low. Under lateral force, there was 
no significant difference between the two groups, and the 
IPS e.max CAD (EMX) restoration was slightly smaller. 
The maximum internal stress results of the restoration 
indicate that under the action of 800 N force, the internal 
stress of the IPS restoration is higher than that of Lava 
Ultimate. If the MOE value of the restoration is lower 
than that of dentin or enamel, it will be more easily dis-
torted by occlusal force and can then increase the hori-
zontal vector. The increased horizontal vector will result 
in stress concentration at the lower edge of the remaining 
crack surface. After restorations with higher MOE, the 
deformation of the restoration is relatively small, which 
may reduce the stress in the buccal and lingual directions.

The primary purpose of cracked teeth restoration is 
to prevent the crack line from further penetrating the 
proximal root and spreading to the pulp. The most criti-
cal aspect is the stress value of the crack line. We evalu-
ated the residual stress values in the crack area after 

(See figure on next page.)
Fig. 4  Stress patterns and distribution in a cracked tooth according to various treatment modalities of dentine. (a1-a4) (b1-b4) (c1-c4) 
the porcelain material is Lava Ultimate; (a5-a8) (b5-b8) (c5-c8) the porcelain material is IPS e.max CAD (EMX); (a1-a8) The distribution of VM stress 
on the remaining dentine of the models (ALU, BLU, CLU, CLU 2, AEM, BEM, CEM, CEM 2) under a total vertical force of 800 N; (b1–b8) The distribution 
of VM stress on the remaining dentine of the models (ALU, BLU, CLU, CLU 2, AEM, BEM, CEM, CEM 2) A total force of 600 N with direction aligned 
vertically along the tooth axis was applied to 8 different points; (c1–c8) The distribution of VM stress on the remaining dentine of the models (ALU, 
BLU, CLU, CLU 2, AEM, BEM, CEM, CEM 2) under a total multipoint lateral force of 225 N; d The maximum von Mises stress values (MPa) of the dentin
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Fig. 4  (See legend on previous page.)
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various treatments to evaluate the possibility of crack 
propagation. The results indicate that IPS e.max CAD 
(EMX) onlays, overlays, and occlusal veneers 2 were bet-
ter treatments for reducing stress concentrations in the 
remaining cracked areas. Compared with Lava Ultimate, 
IPS e.max CAD (EMX) restoration showed a lower stress 
value on the remaining crack. The results indicate that 
IPS e.max CAD (EMX) overlay, overlay, and occlusal 
veneer 2 are better treatment methods to reduce the 
remaining crack area stress concentration. Compared to 
Lava Ultimate, IPS e.max CAD (EMX) showed a lower 
stress values at the remaining cracks. This result may be 
due to the stiff ceramic material with high MOE firmly 
splinting the cracks and preventing horizontal separa-
tion of crack lines. However, high stress is transmitted 
vertically at the bottom of the restorations. In the case 
of occlusal veneer filled with resin internally, the highest 
average stress was found at the lower edge of the crack. 
Therefore, when using occlusal veneer to treat cracked 
teeth, removing cracks and avoiding resin fillers is nec-
essary to minimize stress concentration in the remaining 
crack lines.

A previous study demonstrated that when marginal 
ridge cracks are detected early in teeth diagnosed with 
reversible pulpitis and crowns are placed, approximately 
20% of cases require root canal treatment within six 
months [6], and crown restoration is not a conservative 
method to avoid root canal treatment for cracked teeth 
[26]. Therefore, finding restorations that can reduce 
stress at the crack line and minimize tooth preparation is 
significant. Research has found that when external stress 
is applied to the material, high MOE materials transfer 
stress to the other side due to their hardness and non-
absorbability. However, low MOE materials can absorb 
stress and deform the material [41]. The practice-based 
study revealed that low MOE resin-based restoration 
may have a stress-absorbing effect, such that shock on 
the weakened cusp is reduced by cuspal coverage [11]. 
The stresses at the crack line were concentrated before 
operation under the 600 N and lateral force 225 N. Still, 
after high MOE onlay, overlay, and occlusal veneer 2, the 
stresses at the cracks were significantly reduced (Fig. 6). 
The type of material substantially affects the stress at the 

crack for the same form of preparation, which provides 
direction for selecting materials for the restoration of 
cracked teeth.

This study is the first to verify the stress effect of 
occlusal veneers on cracked teeth. No published research 
includes an FEA-based comparison of occlusal veneer 
designs. This study verified the stress effect of veneer res-
toration on cracked teeth for the first time. In this study, 
two preparation forms were verified, and it was found 
that different preparation methods under the same mate-
rial and whether the resin base was significantly used 
affected the results. The combination of improved dental 
restorative materials and dental adhesive techniques can 
be used for thin-thickness restorations, thereby replacing 
lost hard tooth structure in a minimally invasive man-
ner [42, 43]. Occlusal veneers as a treatment technique 
for live pulp cracked teeth have begun to be used in clin-
ics [44]. The reduction and cuspal coverage allow the 
reduction of flexion during loading and minimize stress, 
thereby increasing the fracture toughness of the restored 
tooth to that of an intact tooth [10, 45]. It is important 
to note that cuspal restorations reinforce the tooth but 
may increase the risk of pulp exposure failure [46]. Cusp 
overlapping also involves eliminating significant amounts 
of healthy enamel and dentin. Occlusal veneer appears 
to have more advantages in this regard. The study results 
showed no significant difference in the average Von 
Mises Stress levels between the two occlusal veneer res-
torations and the onlay and overlay at the lower margin 
of the crack surface. Therefore, the occlusal veneer not 
only removes less tooth tissue but also achieves the goal 
of reducing stress in the cracked line.

The present study has several limitations. FEA is a 
widely used technique. However, many details are ide-
alized, simplified, or overlooked, which results in some 
errors in the experimental results. In finite element anal-
ysis, three-dimensional modeling is a necessary proce-
dure. However, not all structures can be fully simulated; 
for example, dentin is anisotropic. However, in this study, 
all structures were assumed to be homogeneous and 
isotropic. In this process, the effects of dentin tubules, 
endodontic static pressure, and elastic modulus gradi-
ent on the mechanical properties of dentin are ignored. 

Fig. 5  Stress patterns and distribution of the restorations in a cracked tooth according to various treatment modalities. (a1-a4) (b1-b4) (c1-c4) 
the porcelain material is Lava Ultimate; (a5-a8) (b5-b8) (c5-c8) the porcelain material is IPS e.max CAD (EMX); (a1-a8) The distribution of VM stress 
on the remaining dentine of the models (ALU, BLU, CLU, CLU 2, AEM, BEM, CEM, CEM 2) under a total vertical force of 800 N; (b1–b8) The distribution 
of VM stress on the remaining dentine of the models (ALU, BLU, CLU, CLU 2, AEM, BEM, CEM, CEM 2) A total force of 600 N with direction aligned 
vertically along the tooth axis was applied to 8 different points; (c1–c8) The distribution of VM stress along the cracked line of the models (ALU, 
BLU, CLU, CLU 2, AEM, BEM, CEM, CEM 2) under a total multipoint lateral force of 225 N; d The maximum von Mises stress values (MPa) of various 
restorations

(See figure on next page.)
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Fig. 5  (See legend on previous page.)
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Fig. 6  Stress patterns and distribution of the bottom level of the restoration in a cracked tooth according to various treatment modalities. (a1-a4) 
(b1-b4) (c1-c4)the porcelain material is Lava Ultimate; (a5-a8)(b5-b8)(c5-c8) the porcelain material is IPS e.max CAD (EMX); (a1-a8) The distribution 
of VM stress on the remaining dentine of the models (ALU, BLU, CLU, CLU 2, AEM, BEM, CEM, CEM 2) under a total vertical force of 800 N; (b1–b8) The 
distribution of VM stress on the remaining dentine of the models (ALU, BLU, CLU, CLU 2, AEM, BEM, CEM, CEM 2) A total force of 600 N with direction 
aligned vertically along the tooth axis was applied to 8 different points; (c1–c8) The distribution of VM stress along the cracked line of the models 
(ALU, BLU, CLU, CLU 2, AEM, BEM, CEM, CEM 2) under a total multipoint lateral force of 225 N

Fig. 7  Stress patterns and distribution in the crack area in a cracked tooth according to various treatment modalities. (a1-a4) (b1-b4) (c1-c4) 
the porcelain material is Lava Ultimate; (a5-a8) (b5-b8) (c5-c8) the porcelain material is IPS e.max CAD (EMX); (a1-a8) The distribution of VM stress 
on the remaining dentine of the models (ALU, BLU, CLU, CLU 2, AEM, BEM, CEM, CEM 2) under a total vertical force of 800 N; (b1–b8) The distribution 
of VM stress on the remaining dentine of the models (ALU, BLU, CLU, CLU 2, AEM, BEM, CEM, CEM 2) A total force of 600 N with direction aligned 
vertically along the tooth axis was applied to 8 different points; (c1–c8) The distribution of VM stress in the crack area of the models (ALU, BLU, CLU, 
CLU 2, AEM, BEM, CEM, CEM 2) under a total multipoint lateral force of 225 N; d The maximum von Mises stress values (MPa) of the crack area

(See figure on next page.)
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Fig. 7  (See legend on previous page.)
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As with previous finite element analysis studies, this is an 
essential limitation of this study. Additionally, tempera-
ture changes can generate thermal stress on the restored 
dental tissues. When hot foods or beverages enter the 
mouth, dental tissues and restorative materials expand, 
while they contract when cold substances come into 
contact with them. Due to the mismatch in the thermal 
expansion coefficient, differences in physical proper-
ties between restorative materials and tooth structures 
can also contribute to stress development. However, this 
study did not explore the effects of temperature changes 
on cracked molar teeth.

Tooth chewing is a dynamic process in which the force 
acting on the first mandibular molar is not unidirectional 
and plays a significant role. This experiment was only 
simplified as a static load, which limits the experimen-
tal results to some extent. In clinical practice, the forms 
of hidden cracks in teeth vary greatly. In this study, only 
a few representative forms of cracks were selected, and 

future research should be conducted on hidden cracks 
in other forms and locations. In conclusion, there may 
be some differences between the finite element method 
analysis and the actual situation, and further clinical tri-
als are required to verify them.

Conclusion
This study employed three-dimensional finite element 
analysis to analyze the occlusal stress patterns at the 
lower margin of the remaining crack surface after treat-
ment with various materials and designs in the cracked 
tooth model. We found that using higher MOE materi-
als to repair onlay, overlay, and occlusal veneer 2 is a 
favorable method to prevent further crack propagation. 
It can transmit lower stress to the lower part of the res-
toration and result in lower internal stress concentra-
tion at the lower margin of the remaining crack surface. 
Occlusal veneer 1 with resin filling inside showed poor 
stress distribution and higher stress concentration on 

Fig. 8  The maximum concentrated von Mises stress value at 15 nodes along the lower margin of the crack surface under 800 N, 600 N and 225 
N. a the 15 points of stress measurement along the lower margin of the crack surface; b Von Mises stress of the 15 points long the lower margin 
of the crack surface under 800 N; c Von Mises stress of the 15 points long the lower margin of the crack surface under 600 N; d Von Mises stress 
of the 15 points long the lower margin of the crack surface under 225 N
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the remaining cracked area. This provides direction for 
selecting the composite resin as a substrate for cracked 
tooth restorations. Despite the limitations of this study, 
this finite element analysis study offers a new basis for 
clinical guidance on selecting materials and restoration 
methods suitable for cracked teeth.
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