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Abstract: This study aimed to investigate the biomechanical behavior of Class I resin composite
restorations under varying bonding conditions using finite element analysis (FEA). Despite offering
aesthetic and functional benefits, resin-based composites are susceptible to polymerization shrinkage,
leading to internal stresses that may compromise restoration longevity. Four finite element models
were developed, namely Model A (fully bonded), Model B (single-wall debonded), Model C (adjacent
walls debonded), and Model D (opposite walls debonded). The analysis showed that debonding
configurations significantly influenced volume displacement, linear displacement, and stress
distribution. Debonded models showed higher volume displacements, with Model C having the most
significant increase. Despite reducing vertical displacements, these models had higher localized stress
concentrations compared to fully bonded. In conclusion, surface measurements could serve as a non-
invasive method for detecting subsurface debonding, offering valuable insights into stress patterns
that could impact the durability of composite restorations.
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1. Introduction

Resin-based composites have revolutionized restorative dentistry over the past several decades,
particularly in Class I and II restorations. Initially developed to restore the aesthetics and function
of human dentition, these materials have become the preferred choice for many dental professionals
due to the ability to closely mimic the natural appearance of tooth while providing functional
durability (Melo et al., 2023; Ab Ghani et al., 2022; Hamdy, 2021; Heck et al., 2018). Despite the
widespread use, the clinical success and longevity of resin-based composite restorations depend on
numerous factors, including material properties, the bioactivity of resin, patient-specific variables
such as oral health compliance, and the operator's skill during the restorative procedure (Genisa et
al., 2020; Pereira et al., 2020; Ausiello et al., 2019; Moraschini et al., 2015; Magne, 2007).
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One of the most significant challenges associated with resin-based composites is the inherent
tendency to undergo volumetric polymerization shrinkage, which can range from 1% to 4.8%,
depending on various chemical and physical factors (Gallo et al., 2019; Al Sunbul et al.,, 2016;
Martinsen et al.,, 2013; Nagem Filho et al.,, 2007). These factors include the presence and
concentration of dimethacrylate matrix monomers and the volume percentage of inorganic filler
within the composite (Avcilar and Bakir, 2023; Ersen et al., 2020). Polymerization shrinkage is
intrinsically related to the generation of shrinkage stress, influenced not only by the composite’s
material properties, such as its Young’s modulus, but also by the cavity geometry, boundary
conditions, and the stiffness of the remaining tooth structure (Algamaiah et al., 2021; Dejak and
Miotkowski, 2015; Kim et al., 2015; Weinmann et al., 2005). In adhesively restored Class I cavities,
shrinkage stress exerts internal and marginal forces that increase the risk of failure by creating
debond gaps at tooth-restoration interface (Ferracane and Hilton, 2016; Ferracane, 2005).

The primary source of stress in a restored tooth typically arises from dimensional changes in the
composite material at tooth-restoration interface or from occlusal loads exerted on the restoration
during function (Anhesini et al., 2019; Fennis et al., 2005). These phenomena have been extensively
studied through both laboratory experiments and finite element analysis (FEA), providing valuable
insights into the behaviour of composite materials under various clinical conditions (Ab Ghani et
al., 2023; Nayak et al., 2021; Ausiello et al., 2019; 2017a; 2017b; Chuang et al., 2011). However, the
complex interactions between polymerization shrinkage strain, stress, elastic modulus, and
adhesive bonding at the restoration margins continue to pose significant challenges in achieving
optimal clinical outcomes.

Marginal adaptation of restorations in bonded dentin cavities reflects a delicate balance between
these factors. Shrinkage stress and the potential for debonding are significantly influenced by the
cavity shape and constraints, the interface bond strength, and the degree of conversion (DC) of the
composite material, which depends on the effectiveness of light-curing (Soares et al., 2017, Wang
and Chiang, 2016). In deep Class I restorations with high C-factor, polymerization shrinkage directs
stress centrally, raising the risk of interface debonding and microleakage if stresses exceed resin-
dentin bond strength (Soares et al., 2017; Chuang et al., 2011; Versluis et al., 2004). Currently, bulk-
till dental composites have the potential to address some of these limitations (Albeshir et al., 2022;
Sampaio et al., 2019). Studies have shown that the displacement of resin composite restorations due
to polymerization shrinkage is closely tied to the integrity of bonding at cavity surfaces.

This study introduced a novel method for detecting subsurface debonding in resin-based
composites by using occlusal surface displacement measurements, providing a non-invasive
alternative to traditional X-ray imaging. In addition, it incorporates advanced FEA to evaluate the
relationship between polymerization shrinkage, stress distribution, and different bonding
conditions under clinically relevant scenarios. The study specifically addressed the gap in
understanding how various bonding conditions in Class I restoration influenced shrinkage stress
and debonding risks. Unlike previous studies, it expanded the scope by incorporating more
bonding conditions, surface displacement measurements, and advanced simulation methods to
enable more accurate predictions of debonding risks and restoration failure. By addressing these
challenges, the longevity and effectiveness of resin-based composite restoration in clinical practice
can be improved.

2. Materials and Methods

This study developed and validated a detailed 3D CAD model of Class I dental restoration based
on (Ab Ghani et al., 2023). The in-vitro experimental setup used micro-CT imaging to measure
volume changes in fully bonded restorations due to polymerization. Class I cavities (4x4x4 mm?)
were prepared in ten sound molars, etched with 37% phosphoric acid, and bonded using Optibond
FL®, followed by the placement of Filtek™ Bulk Fill composite. Subsequently, specimens were
light-cured for 20 seconds and scanned pre- and post-polymerization using micro-CT, with
consistent positioning ensured by embedding roots in acrylic holders. 3D models were
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reconstructed using CT Pro 3D and analyzed in Image] to visualize displacement patterns through
image subtraction. Volumetric changes at the surface and base were quantified using CTAnalyzer,
with a region of interest (ROI) and binarization applied for precise measurements. These results
provided experimental validation for FEA predictions of polymerization shrinkage.

Biomechanical responses in dental applications have been extensively analyzed using advanced
CAD-FEM (Computer Aided Design and Finite Element Method) (Siripath et al., 2024; Norli et al.,
2024; Ab Ghani et al., 2023; Nayak et al., 2021; Ahmad et al., 2020; Ismail et al., 2020; Novaes et al.,
2018; Ausiello et al., 2017a; 2017b). FEA of Class I restoration model was conducted using ABAQUS
6.13 (SIMULIA, Dassault Systéemes, Providence, RI, USA). The model included precise dimensions,
namely 10.5x12.4x7.8 mm for the tooth, 4x4x4 mm for resin composite, and a 10 pm thick adhesive
layer as shown in Figure 2. The restoration was oriented with the x-axis representing the facial-
lingual direction, the z-axis the mesial-distal direction, and the y-axis the axial direction.
Meanwhile, the meshing process utilized 8-node linear brick elements, specifically linear
hexahedral elements, with three degrees of freedom per node. The specific number of elements and
nodes used in the model is detailed in Table 1.

Table 1 Technical features of tooth model

Total number of Total number of Total of degrees
Component
elements nodes of freedom
Adhesive 540 1122 3,366
Dentine 15765 17810 53,430
Enamel 2375 3246 9,738
Resin Composite 8000 9261 27,783

2.1. Model Development

Based on the 3D CAD model, four different bonding conditions, labeled A, B, C, and D were
developed and analyzed to examine the impact on the stress distribution and volume displacement
of resin composite. The specifics of these conditions, along with bonding characteristics, are
presented in Figure 1.

a) b) 9) d)

Figure 1 Bonding characteristics of the composite: a) all walls bonded, b) one wall debonded, c) one
wall and its adjacent wall debonded, d) one wall and its opposite wall debonded

Model A, where all walls are bonded; Model B, where one wall is debonded; Model C, where
one wall and its adjacent wall are debonded; and Model D, where one wall and its opposite wall
are debonded. These conditions were validated against Ab Ghani's work on fully bonded models.
The bottom surface of the tooth model was constrained to have zero displacements in all three
directions (encastre). A tie constraint was applied to the contact surfaces between the dentine,
enamel, resin, and composite for each model part, with the exception of the cavity floor and the
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restoration base in debonded conditions, which were separated to simulate debonding, as
presented in Figure 3. Furthermore, the mechanical properties of three dental materials, namely
enamel, dentine, and adhesive, were incorporated into the analysis. Enamel is characterized by a
Young's modulus of 80,000 MPa and a Poisson's ratio of 0.33. Dentine, with a Young's modulus of
19,000 MPa, shares the same Poisson's ratio of 0.33. In contrast, the adhesive material has a lower
Young's modulus of 1,000 MPa and a Poisson's ratio of 0.3 (Ab Ghani et al., 2023; Novaes et al.,
2018).

Adhesive

Figure 2 3D FE model: a) tooth structure (enamel and dentine), resin composite, and adhesive layer,
b) mesial-distal cut section at the centre of the model, and c) 10 pm thick adhesive layer

Figure 3 Schematic Diagram Illustrating the Geometry of the Model Restoration and Constrain
Conditions of the Finite Element Model

2.2. Polymerization Shrinkage Simulation

A pseudo-coefficient of thermal expansion (a) was defined by the equation Aes = aAT, where AT
represents the change in temperature to simulate polymerization shrinkage in resin composite. The
temperature was assumed to increase linearly over time at 1:1 ratio, providing a simplified but
realistic simulation of thermal effects during the curing process. This simulation was implemented
through predefined fields assigned to resin composite, allowing for different amplitudes of
temperature change at each step to account for localized variations in thermal behavior. The curing
process was divided into seven discrete steps over a total duration of 85 seconds, with each step
representing a specific phase of temperature and mechanical property evolution. Initially, resin
composite showed a Young’s modulus (E) of 0.027 GPa in its uncured state, which progressively
increased to 12 GPa by the end of the curing process. Both the pseudo-coefficient of thermal
expansion and the Young’s modulus were treated as time-dependent parameters to accurately
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capture the evolving material properties at each step. These values, detailed in Table 2, emphasized
the dynamic changes in the composite’s thermal and mechanical behavior, offering a
comprehensive framework for analyzing polymerization process.

FEA was conducted on restored Models A, B, C, and D to evaluate vertical displacement and
compare first principal stresses (MPa) along Path 1, located on the middle plane between the
adhesive and composite resins, and Path 2, positioned along bonded facial wall. Stress distribution
across these paths showed critical areas experiencing the highest stress concentrations, particularly
in regions such as the enamel, dentin, and cavity floor.

The calculation of volume displacement due to polymerization shrinkage in resin composite
restorations was conducted using Abaqus/CAE software. FEA was conducted under specified
polymerization conditions, generating .odb files containing displacement field data. The initial
volume of resin composite in its undeformed state, Vinitia, was determined using the volume query
tool in Abaqus Visualization module, applied to the simulation’s initial frame where no
deformation had occurred. Subsequently, the deformed volume, Vina, was calculated using the
same query tool, focusing on the final frame of the simulation, where polymerization shrinkage was
fully realized. The visualization of the displacement field facilitated precise identification of this
final frame.

Table 2 Young’s modulus and pseudo coefficient of thermal expansion of resin composite as a
function of time for simulating shrinkage load in FEA (Ab Ghani et al., 2023; Novaes et al., 2018)

Step t(s) = T(°C) AT (°C) E (MPa) a (°C1)

1 22.13 22.13 27.13 -0.00000555

2 26.03 39 268.49 -0.00000123

3 45.05 19.02 10514.55 -0.000000366
4 84.94 39.89 11991.74 -0.000000227
5 134.06 49.12 11999.45 -0.0000000707
6 308.46 174.40 11999.98 -0.0000000254
7 595.30 286.84 12000.00 -0.0000000123

The volume difference (AV) and the percentage shrinkage (%Shrinkage) were computed using
manual equations to quantify the volume changes. The volume difference was calculated as
AV=Vfina—Vinitial, representing the net change in volume after polymerization. Meanwhile, the
percentage shrinkage was determined using

. av
0 =
Y%Shrinkage (V il
relative to the initial volume. These computations provided a comprehensive understanding of the
material's volumetric response during polymerization process.

) X 100, allowing for the evaluation of polymerization-induced shrinkage

3. Results and Discussion

FEA conducted in this study provided valuable insights into how different bonding
configurations affected polymerization shrinkage and stress distribution in Class I composite
restorations. The results showed the significant impact of cavity wall bonding on the mechanical
behavior of resin composites during polymerization, particularly in terms of displacement and
stress concentration.

FEA was validated by comparing its results with fully bonded micro-CT measurements reported
by Ab Ghani et al. (2023). The volume displacement recorded was 1.33 mm?, closely corresponding
with the 1.36 + 0.2 mm?® measured by micro-CT. Therefore, the model effectively captured
polymerization-induced shrinkage effects observed experimentally. The vertical displacement
predicted by the model was 59.95 um, closely corresponding with the 62.5 + 5.2 pm measured by
micro-CT. This consistency in displacement values further supported the model’s accuracy in
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replicating the real-world behavior of resin composite restorations. The ability of FEA to predict
both volumetric and vertical displacement with recorded precision emphasized the reliability and
validity in modeling resin composite restorations under fully bonded conditions. These results
confirmed the model served as a robust tool for understanding and optimizing dental restoration
methods (Ab Ghani et al., 2023).

FEA was conducted on Models A, B, C, and D to evaluate the total displacement resulting from
polymerization shrinkage, modeled as thermal expansion () in resin composite. Based on Figure
3, Model A, with all walls bonded, had the highest maximum displacement of 59.95 um,
concentrated at the center of the top surface. Model B, where one wall is debonded, showed a
reduced maximum displacement of 33.32 pm, with deformation localized near debonded region. In
Model C, where one wall and its adjacent wall were debonded, the maximum displacement further
decreased to 27.42 um, with displacement concentrated along debonded interface. Model D, where
one wall and its opposite wall are debonded, had the lowest maximum displacement of 24.04 ym,
with displacement symmetrically distributed along debonded walls. These results showed a trend
of decreasing maximum displacement as more walls were debonded, with displacement becoming
more localized around debonded areas in each successive model.

Isometric and Top View of the Resin Composite

i

(@) (b) (© (d)

Figure 4 Overall contour plots of the total displacement for each analyzed models of resin
composite: (a) Model A, (b) Model B, (c) Model C and (d) Model D in isometric view and top view

B

Based on Figure 4, fully bonded restorations (Model A) had the highest total displacement (59.95
pm) due to the constraint imposed on the composite by bonded cavity walls. This was consistent
with previous studies, where complete bonding restricted the composite’s ability to contract freely,
leading to increased internal stresses and greater overall displacement (Gallo et al., 2019; Sampaio
etal., 2019; Ferracane and Hilton, 2016). As bonding constraints were reduced in Models B, C, and
D, total displacement decreased, with Model D showing the lowest displacement (24.04 um).
Although reducing bonding constraints could alleviate overall shrinkage displacement, it could
also lead to more localized deformation, particularly around debonded regions. Clinically, while
the risk of central cracking might be reduced, there could be an increased risk of marginal integrity
issues, such as marginal gaps or microleakage, specifically at debonded interfaces.
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Several studies have utilized Abaqus, incorporating subroutines and Python scripts, to calculate
volume changes in various models by leveraging the output database (.odb) file for precise analysis.
These studies showed the versatility of Abaqus in assessing volume changes and the resulting
mechanical behavior in different materials and configurations (Kholil et al., 2023; Liu et al., 2017;
Mokhatar and Abdullah, 2012). The analysis of volume displacement across the models supported
the results related to stress distribution. Based on Figure 5, fully bonded restorations (Model A) had
the lowest total volume displacement (1.36 mm?), reflecting the restricted contraction of the
composite material. However, Models B and C, featuring debonded walls, had higher volume
displacement (1.94 mm? and 2.01 mmS3, respectively), confirming that reduced bonding constraints
allowed for greater material contraction at the risk of increased localized stress. According to this
relationship, while debonding might reduce overall stress, it also permits greater freedom of
movement for the material, potentially leading to weak points at the margins where stress could
accumulate and cause long-term issues (Novaes et al., 2018; Rodrigues et al., 2012).
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Figure 5 Comparison of Volume Displacement and Volume Shrinkage Percentage of Composite in
Models A, B, C, and D

In Figure 6(a), FEA-predicted linear displacement along the horizontal occlusal surface of
Models A, B, C, and D, from the mesial (0 mm) to the distal wall (4 mm), showed that Model A had
the largest vertical displacement, with a maximum downward movement of -59.95 pm occurring at
2.20 mm from the mesial wall. Model B, having one debonded wall, showed a reduced maximum
displacement of -32.89 pm at 0.16 mm, with a generally consistent displacement profile across the
surface. Model C, characterized by adjacent wall debonding, further reduced the maximum
displacement to -22.75 pum, also at 0.16 mm. Model D, with opposite walls debonded, showed the
smallest vertical displacement, peaking at -23.11 um at the distal wall (4.00 mm).

Model A, representing a fully bonded restoration, had the highest vertical displacement, with a
peak of -59.95 pm. The high vertical displacement in Model A showed that the secure bonding
concentrated stress, specifically at the midpoint of the occlusal surface. As bonding imperfections
were introduced in Models B, C, and D, vertical displacement decreased, with Model D (opposite
walls debonded) showing the lowest displacement, as seen in Figures 6(a) and 6(b). Therefore,
unintentional debonding allowed the composite to move more freely, reducing vertical stress
concentration. The increased movement led to localized stress, potentially compromising the
restoration's long-term durability, consistent with previous studies, where reducing bonding
constraints could alleviate stress in some areas while introducing new stress points (Novaes et al.,
2018, Ferracane and Hilton, 2016).
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Figure 6 Comparison of FEA-predicted linear displacement along the horizontal occlusal surface
for models A, B, C, and D, from the (a) mesial (0 mm) to the distal wall (4 mm), (b) facial (0 mm) to
the lingual wall (4 mm)

The analysis showed a clear trend of decreasing maximum vertical displacement from Models
A to D, with the most significant differences occurring near the mid-point (around 2 mm) and the
distal wall (4 mm) along the occlusal surface. Similarly, in Figure 5(b), the FEA-predicted linear
displacement from the facial (0 mm) to the lingual wall (4 mm) followed a comparable pattern.
Model A also showed the largest displacement, with a maximum of -59.95 pm near the mid-point,
confirming significant shrinkage stress in fully bonded condition. Model B, with one debonded
wall, had a lower maximum displacement of -32.89 um, confirming partial stress relief. Model C,
with adjacent wall debonding, further reduced this to -22.75 um, while Model D, with opposite
walls debonded, had the smallest displacement at -23.11 um. This consistent reduction in vertical
displacement with increasing debonding emphasized how debonding influenced stress
distribution and the resulting displacement patterns across the restoration.

The relationship between vertical and volumetric displacement showed the significant impact of
unintentional debonding on stress distribution in resin composite restorations. Fully bonded
conditions, characterized by higher vertical displacement and lower total volume displacement,
showed that polymerization shrinkage was confined to specific areas, leading to concentrated stress
distribution (Antunes Junior et al.,, 2020; Fok and Chew, 2020; Boaro et al., 2010). However,
configurations with partial debonding led to higher total volume displacement, confirming that the
absence of bonding allowed for more uniform shrinkage across three dimensions. This uniformity
reduced vertical movement but increased overall volumetric displacement and localized stress
concentrations. The results showed that while debonding could mitigate localized vertical
shrinkage, it amplified volumetric displacement, emphasizing the importance of maintaining
bonding integrity to ensure the mechanical stability and longevity of dental restorations (Ab Ghani
et al., 2023; Novaes et al., 2018).
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Along Path 1 (Figure 7), lying on the middle plane between the adhesive and composite resins,
restorations with fully bonded walls had the highest stress concentrations, particularly near the
corners and junctions where the floor met the walls. Peak stress reached approximately 1.73 MPa,
with high stress levels concentrated in the floor region between 4 mm and 8 mm, as well as marginal
areas near the enamel and dentin. When a single wall was unintentionally debonded, stress levels
decreased slightly, with peak stresses around 1.39 MPa at similar critical locations. Further
reductions were observed when additional walls were debonded, either one wall and its adjacent
wall or one wall and its opposite wall, resulting in maximum stresses of approximately 1.24 MPa
and 0.71 MPa, respectively. Along Path 2 (Figure 8), running along bonded facial wall, a similar
trend was observed. Fully bonded restorations had the highest stress levels, with peak stresses of
about 1.73 MPa in the dentin regions and floor areas. As debonding increased, stress levels
progressively decreased, with the lowest values observed in cases where multiple walls were
debonded, reaching as low as 0.66 MPa. These results showed the significant influence of bonding
conditions on stress distribution. Fully bonded restorations had higher overall stress but a more
uniform distribution compared to partially debonded scenarios. In both Path 1 and 2, the highest
stress concentrations occurred in critical areas such as corners, junctions, and cavity floor. As walls
became unintentionally debonded, stress levels decreased, with the most uniform and lowest stress
observed when multiple walls were debonded. This showed the crucial role of bonding conditions

in determining stress distribution.
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Figure 7 Comparison of First Principal Stresses (MPa) along inspection lines in restored model
along Path 1

FEA showed that fully bonded configurations (Model A) had higher stress concentrations,
particularly at critical areas such as the corners, junctions, and cavity floor. The stress hotspots
corresponded to the rigidity of fully bonded restorations, restricting material shrinkage and direct
stress toward these points (Fok and Chew, 2020; Boaro et al., 2010; Versluis et al., 2004). Stress
distribution varied based on wall conditions, namely single-wall debonding concentrated stress
near the detached surface, adjacent-wall debonding increased stress at the junctions of debonded
walls, and opposite-wall debonding led to more even stress distribution but higher stress at the
margins. Each debonding condition significantly influenced stress localization and distribution.
Although debonding can alleviate overall stress, it might also introduce new stress concentrations
that may compromise the restoration long-term performance (Algamaiah et al., 2017; Magne, 2007).
The analysis of first principal stresses along Path 1 and Path 2 further reinforced the results, with
critical stress concentrations occurring in areas essential for the mechanical integrity of the
restoration, such as the junctions and floors (Ab Ghani et al., 2023; Krishna Alla et al., 2023).
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Figure 8 Comparison of First Principal Stresses (MPa) along inspection lines in restored model
along Path 2

Conducted under controlled conditions, this study offered valuable insights into the
biomechanical behavior of Class I composite restorations under different bonding configurations.
However, real-world clinical settings introduced additional challenges, such as moisture,
temperature fluctuations, and the complexity of tooth anatomy, potentially impacting restoration
outcomes. Achieving complete bonding of all cavity walls was often difficult, leading to partial or
irregular debonding patterns that influenced stress distribution and polymerization shrinkage
unpredictably (Ersen et al.,, 2020; Novaes et al.,, 2018). To improve clinical relevance, further
investigations using advanced imaging methods, such as optical coherence tomography (OCT),
were recommended to assess subsurface defects in vivo, validate FEA results, and explore a broader
range of debonding configurations. This current study showed the importance of careful bonding
strategies during restorative procedures and the regular monitoring of restorations, specifically
those with complex bonding conditions, to ensure long-term clinical success (Algamaiah et al.,
2017).

4. Conclusions

In conclusion, this study showed the significant impact of bonding configurations on the
biomechanical behavior of Class I resin composite restorations. FEA showed that while debonding
reduced overall shrinkage-induced displacements, it increased localized stress concentrations,
particularly in asymmetric debonding scenarios. Furthermore, the results showed that surface
displacement measurements could serve as a non-invasive tool for detecting and monitoring
subsurface debonding, improving the assessment and durability of composite restorations. This
method had the potential to improve clinical outcomes by providing early insights into restoration

integrity.
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