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ARTICLE INFO ABSTRACT
Keywords: Purpose: This study aimed to assess the stress distribution in pulpotomized primary molars with
Pulpotomy different types of restorative materials using 3D-finite element analysis (FEA), and provide

3D-finite element analysis
Primary molar
Endocrown

valuable insights into the selection and application of restorative materials, with the ultimate goal
of reducing the risk of pulpotomy failure and protecting residual dental tissue.

Methods: Four 3D models of pulpotomized primary molars with different restorative materials
according to the material and its elastic modulus were analysed: resin composite, stainless steel
crowns (SSCs), prefabricated zirconia crowns and endocrowns. The food layer was also designed
before vertical and bucco-lingual forces were applied to simulate physiological masticatory
conditions. The results were obtained by colorimetric graphs of the von Mises stresses (VMS) in
the restoration and tooth remnant. The maximum shear stress on the bonding interfaces and
pressure stress on the Mineral trioxide aggregate (MTA)-pulp interfaces were recorded.

Results: The results of the 3D-FEA showed that all restorative materials generated stresses and
strains on the tooth structure after pulpotomy. In the resin composite group, the marginal enamel
exhibited the highest stress peaks. In the zirconia crown and SSC groups, there was a concen-
tration of stress at the dentin-restoration margin. The shear stress concentrations were mainly at
the adhesive margins, with lower levels around endocrowns compared to other groups. MTA in
the resin composite group experienced more VMS than in the other group. The resin composite
group also generated relatively higher pressure stress values at the MTA-pulp interface compared
to the other groups.

Significance: In the model of primary teeth following pulpotomy, the three types of restorations
covering the occlusal surface can effectively reduce the stress on pulp capping materials under
occlusal loads, thereby potentially decreasing the risk of pulpotomy failure. In addition, the group
of endocrowns demonstrated reduced stress at the bonding interface and in the stress concen-
tration zone near the dentist-restoration edge, making them more effective at protecting residual
dental tissue.
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1. Introduction

With the continuous advancement in biomaterials and the deepening understanding of dental pulp biology, pulpotomy has
emerged as an efficacious pulp therapy modality in limited clinical cases for managing dental caries or traumatic pulp exposure, with
the aim of preventing further periapical infection and premature loss of primary teeth [1]. This technique involves the complete
removal of infected or inflamed coronary pulp and preservation of radicular pulp through biocompatible material sealing, followed by
a tight seal at the coronal end. Although the clinical and radiographic success rates of this procedure have been well established,
ensuring the quality of restorations is crucial for the long-term effectiveness of pulp treatment [2]. Class of materials to restore primary
teeth is represented by resin composites, but the resin composite by direct techniques are less ideal materials in reason of volumetric
polymerization shrinkage which may cause residual stresses during the composite cure [3]. Furthermore, primary teeth with extensive
lesions or those treated by pulpotomy are susceptible to secondary dental caries, discoloration, and tooth fractures [4,5]. Therefore,
they require an occlusal surface coverage restoration that can withstand the chewing load. Currently, various materials, such as
stainless steel crowns (SSCs) and zirconia crowns, are widely utilized for the restoration of primary molars following pulpotomy [6].

As early as the 1950s, due to their convenience and cost-effectiveness, SSCs became the preferred choice of dentists for restoring
extensively damaged primary molars with long-term success [7,8]. Primary research indicates that the stability and long-term success
rate of SSC repair following pulpotomy in primary molars surpass those of direct fillings [5,9]. However, the presence of fatigue cracks
and unsatisfactory aesthetics in stainless steel crowns, which are attributed to the properties of metals, has been found to significantly
decrease parental satisfaction [10,11]. Prefabricated zirconia crowns for primary teeth, which were introduced in 2010, have gained
popularity due to their superior aesthetics and durability resulting from their excellent biofidelity and mechanical properties,
including high elastic modulus and bending strength [6,12]. Although prefabricated crowns offer convenience and rapidity, they fail to
achieve satisfactory adaptation, occlusal function, and adjacent contact relations. Therefore, a more precise and convenient method for
the restoration of primary teeth is a direction for future research.

Computer-aided design/computer-aided manufacturing (CAD/CAM) endocrowns are another aesthetic alternative to prefabricated
crowns to restore extensive primary molar lesions [13]. The use of CAD/CAM technology in restorative dental procedures has become
increasingly popular in recent years, particularly for permanent teeth [14,15]. The process involves capturing a digital impression of
the damaged tooth, designing the restoration on a computer screen, and then milling the final product from a block of restorative
material. Endocrowns produced through CAD/CAM technology, which reduces the need for clinical adjustments and minimizes defects
during manufacturing, offer advantages such as enhanced aesthetics, improved fit, durability and long-lasting results [16]. The
additional benefits of CAD/CAM endocrowns for primary teeth include the capacity to conserve as much natural tooth structure as
possible, reduce the necessity for invasive procedures, and uphold the integrity of the tooth [17]. As a result, they have promising
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Fig. 1. 3D FEA initial model of a molar with Class II cavities that underwent pulpotomy: (A) enamel; (B) glass ionomer cement; (C) dentin; (D)
Mineral trioxide aggregate (MTA); (E) pulp; (F) periodontal ligament; (G) static load on the food bolus.
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potential in providing full-coverage restoration for primary teeth. Children might also experience less discomfort during the procedure
since it can be completed in a single visit without the need for temporaries. However, recent research on pulpotomized primary molars
has mostly been conducted through randomized, controlled clinical trials and case reports [18], and further evidence is required to
infer the results in an in vivo setting.

The application of finite element analysis (FEA) in the field of oral dentistry has been extensive. This analysis effectively simulates
various anatomical structures and clinical clinical conditions using mathematical models, providing an efficient approach for opti-
mizing the mechanical behavior of dental structures, prosthetics [19], and implant [20]. FEA is capable of identifying regions with
stress concentration, where failures are likely to occur, typically originating from points of higher stress concentrations.

This study aimed to provide valuable insights into the selection and application of restorative materials, by constructing a 3D FEA
model of primary molar teeth with pulpotomy, and evaluating the stress distribution of resin composites, SSCs, prefabricated zirconia
crowns, and endocrowns in primary molars. The null hypothesis was that there was no difference in the stress distribution in the
residual tooth and pulp capping material, regardless of the restorative procedures used.

2. Material and method

A 3D CAD model of a healthy primary mandibular first molar (March 2018) was built by means of a microcomputed tomography
scan system (Quantum GX; PerkinElmer, Waltham, MA, USA) and CAD software (SolidWorks 2014; Dassault Systemes, Waltham MA,
USA) to generate the shapes of dentin, pulp, enamel, pulp and alveolar bone. All experimental procedures were reviewed and approved
by the Local Ethical Committee, Nanfang Hospital, Southern Medical University, Guangzhou, PR China (approval number NFEC-2017-
141).

Starting from the 3D CAD model, the trimming tool was utilized to excise a portion of both the enamel and dentin solids, resulting in
a slot cavity on the disto-occlusal surface. The facio-lingual dimension of the slot preparation measured 2 mm, while its mesiodistal
dimension was 4.5 mm; additionally, its gingival floor lay at a depth of 2 mm below the distal marginal ridge. A solid model was
created with a cavity restoration margin angle of a = 95°. The cavity design featured flat floors and sharp internal line angles. To
simulate pulpotomy, the pulp chamber was filled with mineral trioxide aggregate (MTA, Dentsply Tulsa Dental Specialities, OK, USA)
to a thickness of 2 mm above the root canal orifice, and the pulp chamber floor was tiled with glass ionomer cement (GIC, Ketac Fil, 3M
ESPE, MN, USA). This process resulted in an initial model of a molar with Class II cavities that had undergone pulpotomy (Fig. 1A-F).
Four models were modelled for FEA as follows.

Model 1: The initial model was restored with resin composite.

Model 2: The initial model for SSC was prepared in accordance with the guidelines of 3M ESPE, with a reduction of 1.5 mm on the
occlusal surface and 1 mm on the axial walls, which were prepared at an inclination of 8° and finished with feather-edged lines.
Subsequently, SSC (3M ESPE, MN, USA) was cemented using GIC (200 pm) [21].

Model 3: The initial model for prefabricated zirconia crowns (Houston, Texas, United States) was prepared based on the primary
study [8]. The occlusal surface was reduced by 2 mm, while the axial walls were reduced by 1.5 mm with an inclination of 8° and
finish lines of the shoulder (0.5 mm). The zirconia crowns were cemented using resin cement (150 pm).

Model 4: The initial model was prepared for endocrown restoration, featuring a cuspal reduction of 2 mm, a pulp chamber depth of
1 mm, and an 8° inclination angle of the wall. The zirconia endocrowns were cemented using resin cement (150 pm).

Model 5: The control model comprised an intact molar.

The final geometries included the restoration, cement line, enamel, dentin, periodontal ligament, GIC, pulp and alveolar bone
(Fig. 1A-G). The interposition of shell elements was utilized to model the cement layer, strategically placed between the intaglio
surfaces of the restoration and the bonding surfaces of the residual tooth structure. The simulation of a food bolus [3,22] on the
occlusal surface was conducted, incorporating sliding contact between the prosthesis surface and the food (Fig. 1G). In the boundary

Table 1
Mechanical properties of materials and structures utilized in this study.
Materials Modulus of elasticity (GPa) Poisson’s ratio Modified vol. shrinkage Linear thermal expansion coefficient
Food [3] 0.010 0.30
Dentin [22] 18.60 0.31
Enamel [22] 84.10 0.33
Cortical bone [22] 13.70 0.30
Cancellous bone [22] 1.37 0.30
Pulp [27] 0.0020 0.45
Glass ionomer cement [21] 10.80 0.30
MTA [28] 15.70 0.23
Parodontium [22] 0.069 0.45
Resin composite [28] 15.80 0.24 0.0010 0.00034
Stainless steel crown [21] 200.00 0.33
Prefabricated zirconia crown [8] 220.00 0.23
CAD/CAM zirconia endocrown [8] 220.00 0.23
Resin cement [29] 7.40 0.35 0.0049 0.0017
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condition, the fixation was applied at the base of the bone tissue and was fixed with zero nodal displacements. The assumed properties
of all structures were linear-elastic, isotropic, and homogeneously distributed. The mechanical characteristics of the materials and
structures, including elasticity moduli and Poisson’s ratios, were input into ANSYS software (ANSYS version 14; Swanson Analysis Inc,
Canonsburg, USA) (Table 1). In the software environment, the entities were segmented into meshes consisting of nodes and tetrahedral
elements. A convergence test with a 10 % mesh control criterion was employed to ascertain the number of elements and nodes
necessary for generating four models, as enumerated in Table 2. In this study, a convergence analysis was conducted on grid sensitivity
to ensure the reliability of the calculation results, as described in supplementary material.

On account of stress relaxation during the curing process, the shrinkage stresses in composite materials might be lower than those
calculated using the elastic model in FEA [23,24]. To consider the simplified approach [23], the modified linear shrinkage of resin
materials was adopted in the analyses (Table 1). The resin materials were assigned a linear thermal expansion coefficient to simulate
the effects of polymerization shrinkage. Upon a one-degree decrease in temperature, the cement layer underwent contraction, sub-
sequently generating stress at the interface between the substrate and the restoration. To simulate the contact conditions during the
closing phase of the masticatory cycle, a static occlusal load of 200 N combined with a bucco-lingual load of 20 N were applied to the
surface of the food bolus [25,26].

For all models, the von Mises stresses (VMS) on both restorations and tooth remnants were assessed in megapascals (MPa). The
maximum shear stress on bonding interfaces and pressure stress on MTA-pulp interfaces were recorded. This condition is considered a
non-failure scenario in the analysis, where all materials were presumed to exhibit elastic behavior throughout the entire deformation
process. Slide-type contact elements were employed to model the interface between the tooth surface and food, while no-separation
contacts were assumed between the restoration/cement and the cement/tooth interfaces. For all other structural components, the
contacts were regarded as ideal. The boundary condition was established at the base of the alveolar bone, where nodal displacements
were fixed at zero.

3. Results

The colorimetric graphs presented in Figs. 2-6, and Table 3 depicts the distribution of von Mises stresses across the enamel, dentin,
pulp, and restorative materials within each model under masticatory loads combined with shrinkage effects. In the resin composite
group (Fig. 2A), the marginal enamel adjacent to the resin exhibited higher stress peaks (75.8 MPa), while stresses in the enamel were
lower in all of the other groups. The FE models of dentin revealed that VMS were predominantly localized in the upper region of the
distal-lingual root base (Fig. 2A-E). The concentration of VMS in the intact molar group was found to be significantly higher than that
in all of the other groups. In the zirconia crown and SSC groups, there was a concentration of stress in the upper region of the distal-
lingual root located at the dentin-restoration margin. Regarding restoration, VMS were primarily concentrated on the intaglio surface,
particularly at the line angle (Fig. 3A-D and Fig. 4A-E). The stress distribution within the restoration was directly proportional to the
elastic modulus of the restorative material, meaning that a higher elastic modulus led to increased VMS peak values within the
restoration. With regard to internal bonding interface stresses (Fig. 5A-D), it should be noted that shear stress concentrations were
primarily concentrated at adhesive margins, with lower levels of shear stress observed around the endocrowns compared to the other
groups. The concentrated area of VMS was primarily located at the bottom of MTA, adjacent to the pulp (Fig. 6A-D). In the group with
resin composite, the MTA experienced more VMS compared to the other groups (Table 4). With regard to the MTA-pulp interface
(Table 3), the resin composite group also generated relatively higher pressure stress values than the other groups.

4. Discussion

Traumatic injuries or dental caries can lead to pulp exposure and infection. The aim of pulpotomy treatment is to remove the
affected coronal pulp and preserve the viability of the root pulp [1]. The utilization of biocompatible materials in pulp capping, which
serves to shield the pulp-dentin complex from external stimuli, can stimulate the formation of dentin bridges by pulp cells and facilitate
pulpal healing [30]. A well-executed coronal seal of the final restoration is one of the crucial factors in achieving successful pulpotomy
outcomes and ensuring long-term tooth survival [2]. Therefore, the present study was designed to compare the stress distribution in
primary molars after pulpotomy that were restored with different operative techniques. The findings indicate that stress concentra-
tions at the residual tooth and pulp capping material can be influenced by different restorative procedures. Thus, the hypothesis was
rejected.

Human enamel, possessing the highest elastic modulus among dental tissues and thus being prone to stress concentration, endures
repeated masticatory loading during dental function [31,32]. Its integrity directly impacts the success rate of restorations. Compared

Table 2

Number of elements and nodes of five models.
Model Description Elements Nodes
A Resin composite 399,687 601,376
B Stainless steel crown 401,078 606,384
C Prefabricated zirconia crown 394,982 596,558
D Endocrown 400,571 600,940
E Intact molar 398,713 592,067
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Fig. 2. Von Mises stresses (MPa) generated in enamel and dentin according to the restorative material: (A) resin composite; (B) stainless steel
crown; (C) zirconia crown; (D) endocrown; (E) intact molar.
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Fig. 3. Von Mises stresses (MPa) generated in restoration according to the restorative material: (A) resin composite; (B) stainless steel crown; (C)
zirconia crown; (D) endocrown.
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Fig. 4. Von Mises stresses (MPa) generated in overall structures on the sagittal plane according to the restorative material: (A) resin composite; (B)
stainless steel crown; (C) zirconia crown; (D) endocrown; (E) intact molar.
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with intact teeth, SSCs and zirconia crowns, as well as endocrowns, are more effective in reducing equivalent stress on enamel, thus
reducing the risk of fracture and better protecting the remaining tooth tissue. The VMS levels in the enamel of primary molars filled
with resin composite were significantly higher than those observed in teeth restored by other methods, as well as those present in intact
teeth. In the group with resin composite, higher stress peaks were observed in the marginal enamel adjacent to the resin (Fig. 2A),
particularly at the mesial margins, which was also the initial area where failure occurred. Due to the distribution of stress and direct
effect of masticatory force, there is a possibility that fractures can occur at the enamel margin, resulting in marginal microleakage
around the affected restoration [33].

The concentration of VMS is typically observed in the upper region of the distal-lingual root, which can be attributed to the
application of a horizontal force (buccal-lingual orientation) during this experiment and the morphology of the mandibular first
primary molar. The VMS levels of dentin were found to be lowest in the endocrowns (29.88 MPa) and highest in the SSCs (32.9 MPa).
However, it was observed that peak stress values were lower in all restorations compared to intact dentin stress (35.38 MPa), indicating
that all rigid prostheses can effectively reinforce tooth structures and significantly reduce the risk of dentin failure under physiological
loading conditions. But, in full-crown restorations (including zirconia crowns and SSCs), stress concentration at the upper region of the
distal-lingual root located at the dentin-restoration margin can result in dentin fracture and compromise the sealing integrity of margin
[34]. Due to the marginal finish line of the prosthesis in the middle of the teeth, the endocrown group remained unaffected.

The restorations in each group exhibited equivalent stress levels far less than the fracture threshold, indicating a limited risk of
fracture in restorations (Fig. 3A-D). The stress distribution within endocrowns was relatively uniform and concentrated at the lateral
wall of the retainer under identical loading conditions. However, the stresses in full-crown restorations (including zirconia crowns and
SSCs) were concentrated specifically at the lateral wall and shoulder of the inner crown (Fig. 3B and C). The stress concentration
located at the inner interface of the restoration could pose a potential threat due to its location at the margin interface between the
dental tissue and restorations, which can initiate fractures and leakage around the affected restoration [35,36]. Additionally, the stress
variations between restorations (Fig. 4A-C) (including resin composite, zirconia crowns and SSCs) and dental tissue were excessive,
which could result in stress concentrations at the interfaces, degradation of the cement layer, and an increase in its internal fatigue
mechanism [37].

Referring to the internal stress of the bonding interface, it is noteworthy that shear stress concentrations primarily accumulated in
the adhesive margin (Fig. S5A-D), and shear stress levels in endocrowns were comparatively lower than those observed in other groups
(Table 3). Clinically, the marginal cement between the prosthesis and the abutment is more likely to be directly exposed to the oral
environment [38]. Currently, it is believed that the failure of the bonding interface is prone to occur due to excessive stress at the edge.
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Fig. 5. Shear stress (MPa) on bonding interfaces according to the restorative material: (A) resin composite; (B) stainless steel crown; (C) zirconia

crown; (D) endocrown.
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Fig. 6. Von Mises stresses (MPa) generated in MTA according to the restorative material: (A) resin composite; (B) stainless steel crown; (C) zirconia
crown; (D) endocrown.
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When adhesion fails, it can lessen the adhesive effect and initiate detachment of the restoration, thereby leading to secondary caries,
pulpitis, and even restoration fracture [39,40]. Our study showed that group of endocrown proned to reduce stress concentration in the
bonding interface and decrease the risk of failure at the edge.
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Table 3
Von Mises stresses values in restoration, enamel and dentin; shear stress values at the bonding interface under loads (MPa).
restoration Enamel Dentin bonding interface
Intact teeth 20.05 35.38
Resin composite 24.78 75.80 29.92 29.33
Stainless steel crown 43.36 13.20 32.90 20.19
Zirconia crown 48.37 14.12 31.86 25.16
Endocrown 42.67 16.61 29.88 16.06

Table 4
Von Mises stresse values on MTA; compressive stress values at the MTA-pulp interface according to different
restorative techniques.

MTA MTA-pulp interface
VMS ( MPa ) compressive stress ( MPa )
Resin composite 12.95 0.0251
Stainless steel crown 12.21 0.0232
zirconia crown 12.54 0.0225
endocrown 12.47 0.0244

Biocompatibility is a crucial requirement for pulp capping materials, which must possess adequate compressive strength and
hardness to withstand occlusal forces [41]. MTA is widely recognized as the gold standard material for pulpotomy procedures,
however, studies of its compressive strength have yielded varying results due to factors such as MTA thickness, pulp-penetrating pore
size [42], the condensation pressure of MTA [43], and tissue fluid and blood contamination [44,45]. The coronal restorative procedure
following pulpotomy not only impacts the marginal fitness and fracture resistance of remaining teeth but also influences the stress
distribution within the pulp capping material. The results indicated that the resin composite group directly led to the largest VMS of
MTA, and compressive stress on the MTA-pulp interface (Fig. 6A-D, Table 4). According to the reported physiological values of
capillary blood pressure (0.0020-0.0047 MPa) [46], although finite element simulation cannot fully replicate the real situation, we
believe that the subtle intergroup differences in compressive stress of MTA-pulp interface (0.007-0.0026 MPa) are still significative in
Table 4. The compressive stress exerted at the interface between the pulp and MTA directly impacts pulp vitality, with continuous
static stress potentially leading to irreversible changes in the neurovascular bundle and an increased risk of pulp necrosis. Therefore, a
reduced compressive stress at the MTA-pulp interface is advantageous for safeguarding the integrity of pulp tissue. The three types of
restorations covering the occlusal surface can effectively reduce the stress on pulp capping materials under occlusal load, thereby
potentially decreasing the risk of pulpotomy failure.

In this study, we developed a model of primary molars and a food bolus fragment to simulate and analyze the impact of closed-cycle
chewing on tooth surfaces. However, it is unfeasible to replicate all of the variables present in the oral cavity with computer simu-
lations, such as resistance to cyclic loading, ageing processes, hardness, abrasion and wear. Additionally, this model failed to consider
the deficiencies of prefabricated crowns in clinical settings, including suboptimal fit between abutment morphology and restoration,
thicker and irregular cement layers [47], high occlusion contact points, and the poor quality of the margin of prefabricated crowns [7],
all of which could contribute to decreased fracture resistance. Although VMS, used as the failure criterion in this study, cannot
distinguish between compressive and tensile stresses, it provides a simplified method for comprehensively assessing failure risk under
multi-axial stress states and is widely applied in engineering practice. Despite the limitations of this study, compared to the resin
composite group, the three types of restorations covering the occlusal surface were more effective in reducing the stresses in remaining
dental tissue and bonding interfaces, and pulp capping materials. Although the extrapolation of results from in vitro simulations to
clinical situations is limited, our findings suggest that endocrowns exhibit superior stress distribution as a restoration option for
primary molars following pulpotomy. Specifically, they demonstrated reduced stress at the bonding interface and in the stress con-
centration zone near the dentin-restoration edge, making them more effective at protecting residual dental tissue. Furthermore,
CAD/CAM endocrowns showed potential for future applications due to their superior restoration accuracy and tolerable chair-side
operation time [18,19,48]. With the aid of modern digital technology and advancements in dental materials, dentists can achieve
optimal results when fabricating primary dental restorations while also ensuring a favourable prognosis for the child.

5. Conclusion

Given the constraints of the present study, it may be inferred that restorations covering the occlusal surface demonstrated greater
efficacy in reducing stresses within remaining dental tissue, bonding interfaces, and pulp capping materials. CAD/CAM endocrowns
with superior restoration accuracy and tolerable chair-side operation time, presented a superior stress distribution, thereby presenting
a promising alternative for restoring pulpotomized primary molars.
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