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ORIGINAL ARTICLE

Fracture behavior of single-structure fiber-reinforced composite restorations

Kohji Nagataa,b,c, Sufyan K. Garoushia,d, Pekka K. Vallittua,e, Noriyuki Wakabayashib,
Hidekazu Takahashif and Lippo V. J. Lassilaa

aTurku Clinical Biomaterials Center (TCBC), Institute of Dentistry, University of Turku, Turku, Finland; bDepartment of Removable
Partial Prosthodontics Rehabilitation, Tokyo Medical and Dental University, Tokyo, Japan; cDepartment of Periodontology, UCL
Eastman Dental Institute, London, UK; dDepartment of Restorative Dentistry, Libyan International Medical University, Libya; eDivision
of Welfare, City of Turku, Turku, Finland; fDepartment of Engineering Biomaterials Technology, Tokyo Medical and Dental University,
Tokyo, Japan

ABSTRACT
Objective: The applications of single-structure fiber-reinforced composite (FRC) in restorative
dentistry have not been well reported. This study aimed to clarify the static mechanical proper-
ties of anterior crown restorations prepared using two types of single-structure FRC.
Materials and methods: An experimental crown restoration was designed for an upper anterior
incisor. The restorations were made from IPS Empress CAD for CEREC (Emp), IPS e.maxVR CAD
(eMx), experimental single-structure all-FRC (a-FRC), FiltekTM Supreme XTE (XTE), and commer-
cially available single-structure short-FRC (everX PosteriorTM) (n¼ 8 for each material) (s-FRC). The
a-FRC restorations were prepared from an experimental FRC blank using a computer-aided
design and manufacturing (CAD/CAM) device. A fracture test was performed to assess the frac-
ture load, toughness, and failure mode. The fracture loads were vertically applied on the restora-
tions. The surface micromorphology of the FRC restorations was observed by scanning electron
microscopy (SEM). The data were analyzed by analysis of variance (p¼ .05) followed by Tukey's
test.
Results: s-FRC showed the highest mean fracture load (1145.0 ± 89.6 N) and toughness
(26.2± 5.8 Ncm) among all the groups tested. With regard to the micromorphology of the pros-
thetic surface, local crushing of the fiberglass was observed in s-FRC, whereas chopped fiberglass
was observed in a-FRC.
Conclusions: The restorations made of short-FRC showed a higher load-bearing capacity than
those made of the experimental all-FRC blanks for CAD/CAM. The brittle-like fractures were
exhibited in the recent dental esthetic materials, while local crushing fractures were shown for
single-structure FRC restorations.
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Introduction

Despite their excellent esthetic appearance and super-
ior biocompatibility, dental ceramic restorations are
characterized by brittle mechanical properties as well
as comparably low fatigue resistance during mastica-
tion.[1] On the other hand, the clinical applications of
fiber-reinforced composite (FRC) have attracted atten-
tion over the last two decades because of its outstand-
ing adhesion and esthetic appearance due to
translucency.[2] The acceptable success rates achieved
by fixed partial dentures made of FRC support its
potential use as a restorative material.[2,3]

As reported in large number of clinical stud-
ies,[4–6] catastrophic failures are still the most fre-
quent type of failure for prosthetic restorations made

of brittle materials, including resin composites and
dental ceramics. Previous studies also indicated the
relatively low fracture resistance of conventional FRC
restorations due to their bi-layered structure, which
consists of a fiberglass substructure and veneering
composite.[7] Moreover, anisotropy of the unidirec-
tional FRC, of which the bi-layered FRC substructure
is composed, does not provide a gradient-like struc-
ture from the substructure of fiberglass to the ven-
eered resin composite. In spite of the potentially
adequate mechanical properties of their fiberglass
substructure, bi-layered FRC prostheses have been fre-
quently reported to be clinical failures, e.g. the frac-
turing and delamination of veneered resin composite
occurring in high stress-bearing applications.[8,9]
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It has clearly been shown that single-structure FRC is
necessary to provide clinically acceptable mechanical
properties instead of the previous multi-structure FRC
restorations.

The first possibility for preparation of single-struc-
ture FRC restorations came about with the all-FRC
restoration fabricated from FRC blocks using com-
puter-aided design and manufacturing (CAD/CAM).
As with previous FRC restorations, it is necessary for
the fiberglass to include a substructure of matrix resin
composite due to the difficulty of forming fiberglass
into a desired shape.[10] However, fiberglass can be
uniformly oriented in FRC restorations if the restora-
tions are prepared from FRC blocks by CAD/CAM
using embedded fiberglass. A successful attempt at
preparing all-FRC restorations using a CAD/CAM
system was reported by Nagata et al. [7] It was con-
cluded that CAD/CAM is a reasonable option for pro-
viding all-FRC prosthetic restorations that would
overcome the concentration of negative stress
observed with conventional multi-layered FRC resto-
rations. Unidirectional FRC prepared using CAD/
CAM has been reported in a previous study,[7] but
multi-directional FRC has not been reported yet.

As an alternative possibility, a novel short fiber-
reinforced composite (short-FRC) can be assembled
for a single-structure FRC restoration. Short-FRC was
launched in the dental industry for use as the bulk
base material in large cavities of either vital or non-
vital posterior teeth in order to increase the load-bear-
ing capacity of the restorations.[11] Short-FRC con-
sists of a combination of a resin matrix, discontinuous
E-glass fibers, and inorganic particulate fillers. The
short discontinuous fiberglass is said to be oriented
during the filling of the cavity with the resin compos-
ite. The resin matrix of the short-FRC contains cross-
linked bisphenol-A diglycidyl ether dimethacrylate,
triethylene glycol dimethacrylate, and linear poly-
methyl methacrylate, which forms during polymeriza-
tion of a semi-interpenetrating polymer network
(semi-IPN). Semi-IPN has excellent bonding proper-
ties and provides a more durable resin compos-
ite.[11,12] Previously, the application of short-FRC for
single restorations has been discussed,[13,14] and the
random orientation of short-FRC provides an iso-
tropic reinforcing effect, which is independent of the
direction of the fracture forces, as reported by
Vishu.[15] Nevertheless, short-FRC has not been well
investigated in terms of its application as a prosthetic
material for single-structure restorations.

Therefore, it was hypothesized that single-structure
FRC restorations, i.e. either experimental all-FRCs

made by CAD/CAM or manually veneered short-
FRCs, would have mechanical properties suitable for
anterior single restorations. Thus, the purpose of the
present study was to ascertain the static mechanical
properties of anterior single-structure FRC restora-
tions under experimental masticatory conditions. The
comparison was described using recently available
major restorative materials, including conventional
particulate filler resin composite (PFC), leucite-rein-
forced ceramic, and lithium di-silicate.

Materials and methods

An experimental abutment for a crown restoration of
the maxillary central incisor was cut from presintered
zirconium oxide blank (Zirconia PrettauVR 95H22,
Zirkonzahn GmbH, Gais, Italy) using a CAD/CAM
device (5-TEC, Zirkonzahn GmbH). Next, the abut-
ment was sintered in a furnace (Zirkonofen 600/V2,
Zirkonzahn GmbH) according to the product instruc-
tions. A photoimpression was taken of the sintered
zirconium oxide abutment (Figure 1a) using another
dental CAD/CAM device (CEREC, Sirona Dental
Systems Inc., Long Island City, NY). A single-struc-
ture crown restoration was designed, and a flat surface
was created at the incisor edge in order to adapt the
loading cell during the fracture test. A total of 40
crown restorations were prepared as designed using
the CAD/CAM device. The crown restorations were

Figure 1. An experimental abutment die for crown restora-
tions made of zirconium oxide (a). An experimental crown res-
toration adhered on the abutment die. A dotted line describes
the non-anatomic flat surface that is created at the incisor
edge of a crown restoration (b). A commercially available den-
tal ceramic block for a CAD/CAM (upper) and an experimental
all-FRC block for CAD/CAM (lower) (c). Aluminum foils were
placed between the incisor edge of the crown restoration and
the load cell during the fracture test (d). Abbreviations: CAD/
CAM: computer-aided design and manufacturing; FRC: fiber-
reinforced composite.
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allocated to five groups according to the fabrication
methods (n¼ 8).

First, for the leucite-reinforced ceramic (Emp
group), CAD/CAM blocks made of sintered leucite-
reinforced ceramic (IPS Empress CAD for CEREC,
Ivoclar Vivadent, Schaan, Liechtenstein) were mech-
anically fixed with the CAD/CAM device (CEREC)
and then crown restorations were simply prepared
using a milling manufacturing procedure (Table 1).

Second, for the lithium di-silicate glass ceramic
(eMx group), presintered CAD/CAM blocks (IPS
e.maxVR CAD, Ivoclar Vivadent) were milled by the
CAD/CAM device (CEREC). The crown restorations
were then crystallized in a curing oven (programat
CSVR , Ivoclar Vivadent) according to the product
instructions (Table 1).

Third, for single-structure all-FRC (a-FRC group),
experimental discontinuous FRC blocks were prepared
before the CAD/CAM procedures. A 16wt% volume
of silanized multidirectional E-glass fibers (13mm in
length; everStick fiber, GC Dental, Tokyo, Japan) was
mixed with 26wt% of photopolymerizable dimetha-
crylate resin matrix (Stick Resin, GC Dental), and
58wt% of silanized silica filler particles (SiO2, Aldrich,
Steinheim, Germany). The filler particles were added
gradually to create a homogeneous structure after
mixing the fibers and resins.[16] A high-speed mixing
machine (SpeedMixer, DAC, Hauschild, Germany)
was used at 3500 rpm for 5min. For polymerization
of the experimental FRC blocks, a semi-interpenetrat-
ing polymer matrix was formed from di-methacrylate
(Table 1). Following photopolymerization and heat
polymerization of the FRC resin in a light curing
oven (Targis Power, Ivoclar Vivadent, Tambor�e,
Brazil) at 95 �C for 30min, the experimental FRC
CAD/CAM blocks were created with dimensions of
15mm �12mm �10mm (Figure 1c). The block was
adhered to a fixing pin with a self-adhesive resin
cement (RelyXTM, 3M ESPE, St. Paul, MN) as
shown in Figure 1(c). Next, the experimental all-FRC

CAD/CAM blocks were mechanically fixed in the
CAD/CAM device (CEREC) for the crown
restorations.

Lastly, for preparation of PFC (XTE group) and
single-structure short-FRC (s-FRC group), commer-
cially available resin composite products, i.e. a PFC
(FiltekTM Supreme XTE, 3M ESPE) and a short-FRC
(everX Posterior, GC Dental), were used for the XTE
group and s-FRC group, respectively. The composi-
tions of PFC and short-FRC are shown in Table 1. A
transparent addition-cured silicone impression mater-
ial (Memosil 2, Heraeus Kulzer GmbH, Hanau,
Germany) was used to create an index of a crown res-
toration made by CAD/CAM to aid in standardizing
the manually veneered restorations. The resin com-
posite pastes were packed into the space created
between the index and the zirconium oxide abutment,
followed by photo-polymerization for 30 s in the
laboratory-curing oven (Targis Power). The identities
of the manually veneered restorations and CAD/CAM
restorations were ascertained by photo-impression
(5-TEC).

The restorations were tightly bonded to the zirco-
nium oxide model using a luting cement (Relyx
Unicem2, 3M ESPE). The zirconium oxide model
with the restoration was then placed at the metal base
of the testing device before being statically loaded. In
order to load onto the flat incisor surface under the
same conditions for all tested restorations, 10 sheets
of aluminum foils were placed above the flat surface
(Figure 1d). The static compressive fracture test was
performed using a universal test machine (LR30K
Plus, Lloyd Instruments Ltd., Fareham, UK) with a
crosshead speed of 1mm/min until the crown restora-
tions fractured. The fracture load and the toughness
of each crown restoration were recorded. The
toughness was automatically calculated by the univer-
sal test machine, and the end of the calculations was
determined either by fracture or by the load being
dropped down 30% from the maximum load.

Table 1. Materials used in the study.
Group Product Preparation Composition

Emp Glass ceramic (IPS Empress CAD for CEREC,
Ivoclar Vivadent, Inc)

CAD/CAM Leucite reinforced glass ceramic

eMx Glass ceramic (IPS e.max CAD, Ivoclar
Vivadent, Inc)

CAD/CAM Lithium disilicate glass ceramic

a-FRC All-FRC (Experimental FRC) CAD/CAM Bis-GMA, PMMA, TEGDMA, Ba-silicate filler (average length of 13.0mm,
fiber loading 15wt%)

XTE PFC (Filtek TM Supreme XTE, 3M ESPE) Veneering Bis-EMA, Bis-GMA, UDMA, TEGDMA, SiO2/ZrO2 filler, cluster filler 78wt%
s-FRC Short-FRC (everX Posterior, GC) Veneering Bis-GMA, PMMA, TEGDMA, Ba glass fiber, Short E-glass fiber filler 74.2 wt%

(average length of 0.9mm, fiber loading 15 w%)

Bis-EMA: A glycol dimethacrylate; Bis-GMA: Bisphenol-A diglycidyldimethacrylate; UDMA: Urethane dimethacrylate; TEGDMA: Triethylene glycol dimethacry-
late; PMMA: Polymethylmethacrylate; FRC: fiber reinforced composite.
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Simultaneously, the failure patterns of the loaded resto-
rations were visually analyzed. In order to observe the
effect of milling during CAD/CAM on the prosthetic
surfaces of the FRC restorations, a scanning electron
microscope (model 5500, JEOL Ltd., Tokyo, Japan)
was used. The prosthetic surfaces of the single-struc-
ture FRCs were gold-sputtered in an argon atmosphere
using a sputter coater (Bal-Tec SCD 050 Sputter
Coater; Bal-Tec AG, Balzers, Liechtenstein) before ana-
lysis under a magnification of either�100 or�500.
The statistical analysis was performed by a one-way
analysis of variance, followed by Tukey's test. p< .05
was considered to be statistically significant. Analyses
were performed using Statistical Package for Social
Science version 20 software (IBM Corp., Armonk, NY).

Results

The mean (± standard deviation) fracture load and
toughness of the single restorations are given in
Figure 2. Analysis of variance revealed that the s-FRC
group had a significantly (p< .05) higher fracture load
(1145.0 ± 89.6 N) than the other groups, whereas the
Emp group showed the lowest values (448.0 ± 69.1 N)
of the groups tested (p< .05). No statistically signifi-
cant differences (p> .05) were found between restora-
tions in the eMx group (806.7 ± 148.3 N) and those in
the a-FRC group (913.6 ± 86.3 N). The typical stress-
strain curves of the restorations are shown in Figure
3. With regard to the toughness of the single restora-
tions, the s-FRC group showed the highest values
(26.2 ± 5.8 Ncm), while the lowest toughness values
were observed in the Emp group (2.6 ± 0.7 Ncm).

Visual inspection revealed two types of fracture
patterns according to the materials used (Figure 4).
Catastrophic failure occurred in the Emp, XTE and

eMx groups, whereas partial fracture occurred in the
a-FRC and s-FRC groups.

Scanning electron micrographs of the prosthetic
surface in the a-FRC group revealed chopped fiber-
glass with matrix resin, while fiberglass was present
parallel to the prosthetic surface in the s-FRC group
(Figure 5).

Discussion

In the present study, the experimental FRC CAD/
CAM block consisted of relatively long fiberglass with
an original length of 13mm, while the short-FRC con-
sisted of randomly oriented short fiberglass with an
average length of 0.9mm. The short-FRC has previ-
ously been reported to exhibit high fracture toughness
and load-bearing capacity.[11,12] Thus, we hypothe-
sized that FRC could sustain the loads required for
crown restorations made either of manually veneered
short-FRC or of experimental all-FRC CAD/CAM
blocks.

The results of the fracture test support our hypoth-
esis because FRC restorations (a-FRC and s-FRC
groups) showed a substantial improvement in load-
bearing capacity and toughness when compared with
PFC (XTE group; Figure 2). The reinforcing effect of
the fiberglass is based on the stress transfer from the
polymer matrix to the fiberglass, as well as the behav-
ior of the crack obstruction within individual pieces
of fiberglass. Moreover, single-structure FRC prevents
occurrence of cracks between the veneered resin site
and the FRC substructure, which destroy traditional
multi-structure FRC restorations. As a result, single-
structure FRC restorations (a-FRC and s-FRC groups)
show higher fracture behavior than PFC and the

Figure 2. The mean values for the fracture load (N) (bars) and toughness (Ncm) (line) of the crown restorations. The vertical lines
represent the standard deviations. The stars above the columns indicate that there is no significant difference between the eMx
group and the a-FRC group for fracture load. Abbreviations: FRC: fiber-reinforced composite.
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dental ceramics that have recently become available
(XTE, Emp and eMx groups).

Interestingly, the fracture load of the all-FRC res-
toration (a-FRC group) was significantly lower than
that of the veneered short-FRC (s-FRC group),
although the basic composition was similar and the
FRC CAD/CAM blocks contained longer fibers
(Table 1). This could be explained by the difference in
fiber orientations on the prosthetic surfaces between
the veneered short-FRC and the all-FRC prepared by
the milling procedure. According to the scanning elec-
tron micrographs of the prosthetic surface, all-FRC
(a-FRC group) had chopped fiberglass on the pros-
thetic surface, whereas more parallel oriented fibers
were present on the surface of the veneered

short-FRC (s-FRC group) (Figure 5). The milling pro-
cedure during the CAD/CAM resulted in chopped
fiberglass on the prosthetic surface of the all-FRC
(Figure 6, left), while CAD/CAM application sup-
ported the use of single-structure FRC restorations.
On the other hand, the short-FRC paste was packed
and crashed by the template matrix against the model
during preparation of veneered short-FRC restorations

Figure 3. The graph shows typical load-strain curves of all tested crown restorations.

Figure 4. The typical fracture appearance of restorations made
from brittle materials (Emp, XTE and eMx groups) (a) and
restorations made from single-structure FRCs (a-FRC and s-FRC
groups) (b). For the restorations made from the brittle materi-
als, catastrophic failures were observed in which an initial
crack initiated the fracture with a single fracture line (a). For
restorations made from single-structure FRCs, local crushing
failures were observed (b). The restorations made from FRCs
maintained their original shapes until fracture, although mul-
tiple fracture cracks occurred in the incisor edge of the restora-
tions. Abbreviation: FRC: fiber-reinforced composite.

Figure 5. Scanning electron micro-morphologies show the
prosthetic surfaces of crown restorations made from single-
structure FRCs. The surfaces of a-FRC with magnifications
of�100 and of�500 are shown in (a) and (b), whereas those
of s-FRC with magnifications of�100 and�500 are presented
in (c) and (d), respectively. Sections of chopped fiberglass were
observed on the surface of a-FRC as indicated by arrows in
(b), whereas parallel oriented fibers were present on the sur-
face of s-FRC as indicated by arrows in (d). For the surface of
s-FRC, the crushed edges of the fiberglass and the lateral side
of the oriented fiberglass are indicated by horizontal arrows
and vertical arrows, respectively, in (d). Abbreviation: FRC:
fiber-reinforced composite.
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in this study (Figure 6, right). Therefore, the distribu-
tion of fiberglass on the prosthetic surface of the ven-
eered short-FRC restorations was reoriented from the
original random three-dimensional orientation to a
random two-dimensional orientation in the s-FRC
group, whereas most of the fiberglass on the surface
was chopped on the prosthetic surface of all-FRC.
This finding is in accordance with that of Garoushi
et al.,[17] who demonstrated a high fracture resistance
in continuous short-FRC containing fibers with a
length of a few millimeters.

Another possible reason why the veneered short-
FRC restorations exhibited better mechanical behavior
than the all-FRC restorations is that the toughness of
the all-FRC restorations was lower than that of the
veneered short-FRC restorations. This finding could
be explained by the difference in brittleness between
the veneered short-FRC and the all-FRC under the
polymerization conditions used for the FRC in the
present study. While the CAD/CAM blocks were well
polymerized with photo-curing and heat-curing, the
veneered short-FRC was polymerized by photo-curing
without heat-curing. Consequently, the all-FRC was
more brittle than the veneered short-FRC in the pre-
sent study. In terms of the effect of the type of curing
on FRCs, Kim and Okuno [18] reported that resin
composite tended to possess more brittle behavior
when it was heat-polymerized in addition to photo-
polymerization, because photo-curing and heat-curing
thoroughly polymerizes the monomer of the resin
composite, whereas photo-curing only results in
incomplete polymerization. In the present study, the
all-FRCs were more brittle than the short-FRCs,
because the CAD/CAM FRCs were photo-polymerized

and heat-polymerized while the short-FRCs were only
photo-polymerized.

In the present study, the fracture loads were evenly
applied to the incisor edge area, which is considered
to be the most crucial area of the maxillary central
incisor from a mechanical point of view.[19]
According to the visual inspection following the frac-
ture test, the cracks in the crown restorations made of
PFC and dental ceramics (Emp, XTE, and eMx
groups) originated at a similar point, near the flat sur-
face of the incisor edge area. This result may indicate
that the fracture load was evenly applied on the flat
surface of all of the experimental crown restorations.
Additionally, the aluminum sheets that were placed
between the restorations and the load tip offered sta-
ble loading condition.

Generally, the fracture resistance of a dental restor-
ation would be determined by an individual investiga-
tor, which means that a standard for the
measurement of prosthetic failure measurement does
not exist in the dental materials field. For example,
Dyer et al. [20] have reported either the initial crack-
ing or the final failure measure, whereas Nagata
et al.[7] insisted that the load that caused the initial
crack of the FRC would be the same as the clinical
failure load for a prosthetic FRC. In the present study,
instead of considering both the initial fracture and the
maximum fracture load, the maximum force at the
final fracture was defined as the fracture load of the
restorations in order to clarify the comparison.
However, it should be stressed that initial cracks
appeared in single-structure FRC restorations (a-FRC
and s-FRC groups) before failure occurred with the
maximum fracture load.

According to visual analysis of the fracture pattern
of the restorations, two patterns of prosthetic failure
were found among the materials used in this study. In
the Emp, XTE, and eMx groups, brittle fracture was
observed, and single restorations were fractured in
several pieces (Figure 4a). It can be clearly seen that
the brittleness of the particulate filler composite and
glass ceramic materials caused the brittle fracture. On
the other hand, only partial failure, which retains the
original shape of the crown restoration despite the
occurrence of multiple cracks, was observed in the a-
FRC and s-FRC groups (Figure 4b). The initial crack
occurred on the incisor edge of the restorations, and
the crack initiated failure by crushing the resin com-
posite in the a-FRC and s-FRC groups (Figure 4b).
The fracture load values presented for all tested resto-
rations were greater than the reported maximum mas-
tication force (143.9 N) in the anterior region.[21]

Figure 6. A schematic drawing of the distinct distributions of
fiberglass (black lines) on the prosthetic surfaces of single-
structure FRC restorations. The fiberglass in a-FRC was
chopped during the milling of CAD/CAM (left), while the fiber-
glass in s-FRC was crushed by the impression material during
the preparation (right). Abbreviations: CAD/CAM: computer-
aided design and manufacturing; FRC: fiber-reinforced
composite.
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The fracture test also gives valuable information con-
cerning the load-bearing capacity because of the linear
relationship between fatigue and static loading.[22]

Further studies are needed to demonstrate the
effect of aging cyclic mechanical stress, wear, and
abrasiveness of the surface characteristics and function
of bulk FRC restorations.

Conclusions

Within the limitations of this experimental study, the
following conclusions can be made:

� Single-structure FRC restorations showed higher
fracture resistance than the restorations made
from PFC, leucite-reinforced ceramic, and lithium
di-silicate.

� The restoration made from light-cured manually
veneered FRC showed higher load-bearing cap-
acity than that from those made from light-cured
and heat-cured FRC blocks using CAD/CAM.

� Chopped fiberglass was revealed on the prosthetic
surface of CAD/CAM-fabricated FRC restorations,
whereas parallel-oriented fiberglass was observed on
that of manually veneered short-FRC restorations.

� The fracture types were brittle-like fractures for
resin composite and dental ceramics, while local
crushing fracture occurred with the FRC
restorations.
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