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Objective. To characterize the biomechanical performance of fiber-reinforced composite 5-

unit implant-supported fixed dental prostheses (FDPs) receiving individually milled crowns

by insilico and fatigue analyses.

Methods.  Eighteen implant-supported five-unit fiber-reinforced composite frameworks with

an individually prepared abutment design were fabricated, and ninety resin-matrix ceramic

crowns  were milled to fit each abutment. FDPs were subjected to step-stress accelerated-life

testing  with load delivered at the center of the pontic and at 2nd molar and 1st premolar

until  failure. The reliability of the prostheses combining all loaded data and of each loaded

tooth  was estimated for a mission of 50,000 cycles at 300, 600 and 900 N. Weibull parameters

were  calculated and plotted. Fractographic and finite element analysis were performed.

Results. Fatigue analysis demonstrated high probability of survival at 300 N, with no sig-

nificant  differences when the set load was increased to 600 and 900 N. 1st and 2nd molar

dataset  showed high reliability at 300 N, which remained high for the higher load mis-
sions;  whereas 1st premolar dataset showed a significant decrease when the reliability at

 to higher load missions. The characteristic-strength of the combined
300 N was compared
Please cite this article in press as: Bergamo ETP, et al. Performance of crowns cemented on a fiber-reinforced composite framework 5-unit
implant-supported prostheses: in silico and fatigue analyses. Dent Mater (2021), https://doi.org/10.1016/j.dental.2021.09.008

dataset  was 1252 N, with 1st molar dataset presenting higher values relative to 2nd molar

and  1st premolar, both significantly different. Failure modes comprised chiefly cohesive

fracture  within the crown material originated from cracks at the occlusal area, matching

the  maximum principal strain location.
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Significance. Five-unit implant-supported FDP with crowns individually cemented in a fiber-

reinforced  composite framework presented a high survival probability. Crown fracture

comprised  the main failure mode.

© 2021 Published by Elsevier Inc. on behalf of The Academy of Dental Materials.
1.  Introduction

Implant-supported rehabilitations are a predictable treat-
ment  option to replace single or multiple teeth absences,
greatly contributing to the recovery of the masticatory func-
tion  and quality of life [1,2]. Porcelain fused to metal has
been  advocated in several studies as the standard of care for
implant-supported reconstructions, especially for long-span
prostheses [3,4]; however, esthetic concerns have motivated
the  indication of all-ceramic systems, i.e yttria-stabilized
tetragonal zirconia polycrystals (Y-TZP) polycrystalline ceram-
ics  due to their favorable biocompatibility, biological and
high  mechanical properties (�: 1200 MPa,  Kic: 9 MPa m1/2,
E:  210 GPa) [3–7]. Although high survival rates have been
reported, approximately 95% after 5 years in function [3,4,7],
implant-supported prostheses have exhibited higher levels of
technical  complications relative to tooth-supported prosthe-
ses,  chiefly for Y-TZP reconstructions, which have not been
limited  to the metallic/Y-TZP framework fracture but mainly
involved  the integrity of the low-toughness veneering porce-
lain  (Kic: 0.7 MPa m1/2 for Y-TZP and 1.1 MPa m1/2 for metal
ceramic) [8], with approximately 11–50% reported chipping
after  5 years for fixed dental prostheses (FDPs) [3,7]. The ratio-
nale  for the increased level of technical complications for
implant-supported rehabilitations may lie on the absence of
periodontal  ligament and its inherent micromotion that helps
to  dampen occlusal forces, as well as mechanoreceptors and
their  feedback mechanism that differentiate food hardness
and  consistency [9–11]. Hence, technological improvements
in  the biomaterial science have been concentrated towards
the  development/improvement of biomechanically favorable
restorative  systems with occlusal forces dampening features
to  meet the functional and esthetic demands of dental recon-
structions  [9,10,12–17].

Fiber-reinforced composites (FRCs) have emerged as
promising systems in several biomedical applications, par-
ticularly  for their favorable strength- and stiffness-to-weight
ratios [15–19]. Dental FRCs are generally composed of a high
volume  fraction of reinforcement compounds, carbon or glass
fibers, bonded to a polymeric matrix by a coupling agent,
where  the fiber reinforcement bear the loads and increase
the  energy needed for crack propagation, known as resistance
curve  (R-curve) behavior, as well as increase the stiffness and
strength  of the material (�: 540−740 MPa,  Kic: 9 MPa m1/2, E: 30
GPa)  [14,15,20]. Such properties of FRC composites are directly
dependent  on the fiber type and composition, fiber geome-
try  and orientation, fiber volume fraction, polymer matrix,
and  quality of the fiber-matrix interface [14,21,22]. Given
Please cite this article in press as: Bergamo ETP, et al. Performance of c
implant-supported prostheses: in silico and fatigue analyses. Dent Mater (2

the  typical anisotropic or orthotropic nature of conventional
FRC  reconstructions properties, the framework dimension
and  design as well as its three-dimensional position, usu-
ally  following a structural relationship with occlusal forces
distribution through a parallel alignment with the maximum
principal stress direction, are key factors to obtain the maxi-
mum  performance of FRC prostheses [14–17,19,22]. Moreover,
FRC  rehabilitations may offer significant clinical advantages
due  to their lower elastic modulus and increased resilience
compared to metallic/Y-TZP rehabilitations, which may favor
chewing  forces absorption and stress distribution and improve
the  biomechanical performance of the restorations, par-
ticularly  for implant-supported reconstructions [9,10,16,17];
as  well as favorable cost effectiveness, chemical adhesion
to  resin composite and resin cement, and easy reparabil-
ity  with conventional in-office direct restorative procedures
[14,15,18,21,23].

A  systematic review has reported high survival rates,
94%  after approximately 5 years in function for tooth-
supported 3-unit FRC FDPs, similar to metallic/Y-TZP FDPs,
with  fracture of the veneering resin composite being the
most  reported technical complication, 9% [18]. Similarly,
approximately 90% survival rate after 5 years have been
calculated for implant-supported FRC FDPs, however the sig-
nificant  report of veneering resin composite fracture led to
a  considerably lower success rate, 70% after 5 years [24].
Such  unfavorable events can be associated with an insuffi-
cient  occlusal support provided by the unidirectional fiber
alignment  and hand-made processing of conventional FRC,
which  may increase defects population due to voids forma-
tion  and compromise fiber-matrix interface, previously shown
to  affect the material strength up to 10% [14,15,18,25]; as
well  as, the challenging biomechanics inherent to implant-
supported reconstructions [9–11]. Therefore, computer-aided
design/computer-aided manufacturing (CAD/CAM) technolo-
gies  have revolutionized FRC-based prostheses fabrication,
potentially improving their clinical performance and range
of  indication [12,26]. FRC discs industrially fabricated under
controlled  conditions of temperature and pressure have
shown  to decrease defect population and to increase the
material  structural reliability, as well as to favor fibers
interlacing and alignment in different directions [12,26–29].
While  the milling process of CAD-CAM blocks have been
primarily  reported to be challenging, proper CAD design-
ing  and milling that consider fiber orientation can improve
the  biomechanical performance of the structure by enhanc-
ing  framework/veneering material reliability, and therefore,
reducing  fractures [16,27,30–32]. Although the literature is
still  scarce in addressing FRC CAD/CAM systems clinical
performance, fatigue testing, which has been considered a
clinically relevant predictor of the mechanical behavior of den-
rowns cemented on a fiber-reinforced composite framework 5-unit
021), https://doi.org/10.1016/j.dental.2021.09.008

tal rehabilitations [33,34], has demonstrated high probability
of  survival for implant-supported 3-unit FRC prostheses. The
resin  composite veneered onto FRC frameworks was the weak-

https://doi.org/10.1016/j.dental.2021.09.008
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Fig. 1 – (A) Buccal and occlusal views of. stl file showing
connector areas between prepared abutments: 24.9 mm2

between molars, 31.5 mm2 between first molar and second
pre-molar, 31.9 mm2 between premolars, and 25.7 mm2

between canine and first premolar. (B) Final morphology of
the. stl with crowns positioned showing on top a buccal
and  bottom a occlusal view. Red circles denote the areas
designated for fatigue testing. (C), (D), and (E) are views of
the  milled 5-unit FRC framework with individual crowns
cemented and the prostheses respective buccal, lingual,
and  occlusal views. (F) shows the implant-supported 5-unit
FDP  cemented on two abutments placed in 2 short implants
embedded in polymethylmethacrylate for fatigue testing.
(For  interpretation of the references to colour in this figure
legend,  the reader is referred to the web version of this
d  e n t a l m a t e r i a l s

st link of the system, although the cohesive and adhesive
bserved fractures were not only repairable, but also occurred
requently  above maximum bite forces [16].

New resin-matrix restorative systems for CAD/CAM
se have been developed, named resin-matrix ceramics,
here innovations in the polymerization mode, materials

omposition, ceramic particles reinforcement content, and
icrostructure have resulted in improved physicochemical

nd mechanical properties relative to conventional resin com-
osites (�: 190−270 MPa,  E: 10−30 GPa [35–39]. Advantages of
hese  materials also include a dense and reliable microstruc-
ure  due to block/disc fabrication under an industrial
nvironment, as mentioned for the FRC CAD/CAM process-
ng,  as well as excellent machinability and improved milling
amage  tolerance that may be linked to a small marginal
ap,  no need for firing, simple adjustment for optimal occlu-
ion  and polishing, and easy reparability [12,23,26,36,37].
oreover,  fatigue testing has shown high reliability for

mplant-supported single posterior reconstructions fabricated
ith  resin-matrix ceramics [40]. Therefore, the combination
f  two polymeric systems modeled in an anatomical mono-

ithic  design and bonded following the CAD-on concept may
urther  improve the biomechanical and esthetic behavior of
olymeric  reconstructions and broaden their range of indi-
ation  to more  functionally demanding clinical scenarios. In
he present study, the mechanical behavior of an alternative
ehabilitation concept, where an FRC framework was milled
ith  an individual full-crown preparation design that allowed

he  cementation of crowns made of CAD/CAM resin matrix
ystems,  in a challenging 5-unit posterior implant-supported
xed dental prosthesis (FDPs, from canine to second molar)
sing  fatigue and in silico analyses was characterized. The
ationale  was to simulate a segment of a full-arch prosthe-
es  and the aims were: 1) to assess the probability of survival
f  the 5-unit FDP at 3 fatigued teeth (premolar and molars)

ndividually and with all data combined; 2) to evaluate the
ailure  modes by fractographic analysis and; 3) to observe the

aximum  principal strain location by finite element analysis
FEA).

.  Materials  and  methods

.1.  Sample  preparation

orty-two �-� titanium alloy (Ti-6Al-4V ELI) abutments for
mplants  with a locking taper connection (Universal abut-

ents,  Bicon LLC, Boston, MA,  USA) and 42 implants (3 mm
ell,  8 mm height, Bicon LLC) were acquired. Two implants per
xed  dental prosthesis (FDP) were embedded using a surveyor

B2,  Bio-Art, Sao Carlos, SP, Brazil) in polymethylmethacry-
ate acrylic resin (Classical, Campo Limpo Paulista, SP, Brazil)
imulating  1 mm subcrestally implant placement and an inter-
mplant  distance of 24 mm,  which represented the dimensions
o  replace canine and second molar abutments and 1st and
Please cite this article in press as: Bergamo ETP, et al. Performance of c
implant-supported prostheses: in silico and fatigue analyses. Dent Mater (2

nd  premolars and 1st molar as pontics. The respective abut-
ents  were tapped to the implants, the assembly was scanned

nd  the model of a FDP including maxillary canine, 1st and 2nd
remolars, and 1st and 2nd molars was virtually designed.
article.)

Through the created model, a fiber-reinforced composite
(FRC, TRINIA, Bicon LLC, Boston, MA) infrastructure with an
individual  preparation design and connector areas presented
in  Fig. 1 was modeled and milled (n = 18). The FRC discs are
comprised of 45 wt% epoxy resin matrix and 55 wt%  multi-
directional interlacing of glass fibers of approximately 10 �m
diameter  in several layers aligned in woven layers parallel to
the top surface of the disc (E: 18.8 GPa/�: 393 MPa,  manufac-
turer data). The reported width and thickness of E-glass fibers
are  respectively 1.2–1.5 mm and 0.1–0.4 mm.  [31] Also, sin-
rowns cemented on a fiber-reinforced composite framework 5-unit
021), https://doi.org/10.1016/j.dental.2021.09.008

gle  crown models were designed to restore the final form of
the  teeth and milled using a CAD/CAM resin matrix ceramic
system  (Shofu HC disc, Shofu, Kyoto, Japan). The resin matrix
ceramic  disc is composed of a methyl methacrylate resin

https://doi.org/10.1016/j.dental.2021.09.008
https://doi.org/10.1016/j.dental.2021.09.008
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Fig. 2 – CAD model of the implant-supported 5-unit
polymeric FDP used for finite element analysis (FEA) (A),
where  the stl. file was voxelized with 0.04 mm/voxel in the
FEA  software generating a number of voxels of 48,067,452
(B).  Loading condition (300, 600, and 900 N) was based on
the  fatigue test data analysis, with same indentation areas
on:  (1) the mesial marginal ridge of the first premolar, (2) on
the  mesial marginal ridges of the second premolar and 1st
molar;  and (3) on the central fossa of the 2nd molar (Red
arrows  on B). (For interpretation of the references to colour
in  this figure legend, the reader is referred to the web
version of this article.)
4  d e n t a l m a t e r i a l

matrix and zirconium silicate ceramic particles (E: ∼10 GPa/�:
190  MPa,  manufacturer data).

The FRC frameworks and crowns were finished and pol-
ished  according to manufacturer’s instructions. The FRC
framework  and the internal surface of the crown veneers were
sandblasted with alumina particles of 45 �m for 10 s at a dis-
tance  of 5 mm,  washed, rinsed, and air dried. For adhesive
bonding, a layer of primer followed by application of the bond
system  (CeraResin Bond, Shofu) was applied on the framework
surface  and intaglio surface of the crowns with a microbrush,
and  then light-cured for 20 s each surface (Valo Corded, Ultra-
dent  Products, South Jordan, UT, USA). The framework and
the  crowns were cemented using a dual-cure resin cement
(BeautiCem SA, Shofu). For bonding, the resin cement was
directly  applied on the internal surface of the crowns using the
cement  automix dispenser. After setting, the assembly was
maintained  under a load of 10 N to allow uniform cement
spreading and the excess was removed. The FDP margins
were  light-cured for 20 s on each surface. Subsequently, the
FDP  was cemented on the abutments using a dual-cure resin
cement  (BeautiCem SA, Shofu). The intaglio surface of the FRC
abutments  was previously sandblasted following the above-
mentioned  protocol. The samples were washed and rinsed
and  dried with compressed air. For bonding, the resin cement
was  directly applied on the internal surface of the FDP using
the  cement automix dispenser. After setting, the assembly
was  maintained under a load of 10 N to allow uniform cement
spreading  and the excess was removed. The FDP margins were
light-cured for 20 s on each surface (Fig. 2). The samples were
stored  in deionized water for 48 h prior to mechanical testing
[16,41].

2.2.  Step-stress  accelerated  life  testing  (SSALT)

Based on a previous fatigue test of FRC implant-supported
prostheses [16], three stress profiles were used for SSALT: mild
(n  = 9), moderate (n = 6), and aggressive (n = 3), with the dis-
tribution  of the specimens at a ratio of 3:2:1, respectively (n =
18/loaded area) [33]. These profiles are named based on the
step-wise  load increase that the specimen will be fatigued
throughout the cycles until a certain level of load, meaning
that  specimens assigned to a mild profile will be cycled longer
to  reach the same load level of a specimen assigned to the
aggressive  profile. SSALT was performed using an all-electric
dynamic  test instrument (Electropuls E3000 Linear-Torsion
system, Instron, Norwood, MA,  USA) equipped with a 6.25
mm  diameter spherical tungsten carbide indenter, with sam-
ples  immersed in water at a frequency of 10 Hz. The load was
sequentially  applied in 3 regions of the same FDP: (1) first at
the  occlusal surface of the pontic on the mesial marginal ridge
of  the 1st molar and distal marginal ridge of the 2nd premolar.
The  test was conducted until specimen failure or suspension
(absence of fracture until the end of the determined profile);
(2)  Fatigue testing continued on the same FDP at the central
fossa  of the 2nd molar using the same spherical indenter until
specimen  failure or suspension, and (3) at the mesial marginal
Please cite this article in press as: Bergamo ETP, et al. Performance of c
implant-supported prostheses: in silico and fatigue analyses. Dent Mater (2

ridge  of the 1st premolar until specimen failure or suspension.
Fatigue  testing was continued only when failure was confined
to  the fatigued tooth, therefore not affecting the anatomy of
the  next area to be loaded and also that FRC framework did
not fracture. The three loading regions (Fig. 1B and Fig. 2B) are
expected  to naturally occur in an Angle class I molar occlu-
sion  [42]. Fatigue loads throughout SSALT ranged from 200 N
up to a maximum of 2000 N with a steady increase in load as
a  function of elapsed cycles and the findings were recorded as
fracture load, stress profile and number of cycles in which the
sample  failed. Failure distribution were analyzed for all data
combined  (prosthesis survival), as well as for each individually
loaded  tooth.

Data  analysis consisted of an underlying life distribution
to  describe the life data collected at different stress levels
and  a life-stress relationship to quantify the manner in which
the  life distribution changed across different stress levels
[33,43,44]. Thus, the Weibull distribution was chosen to fit the
life  data collected in SSALT and its probability density func-

tions  (pdfs) would be given by:
∫

(T) = ˇ
�

(
T
�

)ˇ−1
e(

T
� )ˇ , where �

= scale parameter, and � = shape parameter. Considering the
time-varying stress model (x (t)), the inverse power law rela-
tionship (IPL) was selected to extrapolate a use level condition
considering the cumulative effect of the applied stresses, com-
monly  referred as the cumulative damage model. In such a
model,  the IPL would be given by L (x (t)) = (˛/x (t))�, where
rowns cemented on a fiber-reinforced composite framework 5-unit
021), https://doi.org/10.1016/j.dental.2021.09.008

L = life data, and x(t) = stress. Then, the IPL-Weibull pdf
(where  � is replaced by the IPL) was given by:

∫
(t, x (t)) =

https://doi.org/10.1016/j.dental.2021.09.008
https://doi.org/10.1016/j.dental.2021.09.008
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(
x(t)
˛

)n
(

t∫
0

(
x(t)
˛

)n
du)

ˇ−1

e
−
((

x(t)
˛

)n
du

)ˇ

. From the extrapolated

se  level pdf, a variety of functions was derived, including reli-

bility R (t, x (t)) = e
−
((

x(t)
˛

)n
du

)ˇ

. Parameters estimation for all
nalyses was accomplished via maximum likelihood estima-
ive  (MLE) method, and 90% two-sided confidence interval
90%CI)  was approximated using the Fisher matrix approach.
ence,  the reliability was calculated for completion of a mis-

ion  of 50,000 cycles at 300, 600, and 900 N and the differences
etween  groups were identified based on the non-overlap of
he  CI (Synthesis 9, Alta Pro, Reliasoft, Tucson, AZ, USA). As
he  calculated use level probability Weibull beta parameter for
ome loaded areas were lower than 1, a Weibull 2-parameter
alculation of the Weibull modulus, a unitless parameter that
easures  the variability of the results, and the characteris-

ic  strength, load at which 63.2% of the specimens would fail,
as  presented using the final load failure or survival (Weibull

++,  Reliasoft) [33,43,44]. Weibull 2-parameter contour plot
Weibull  modulus vs. characteristic strength) was graphed to
etermine statistical differences through the non-overlap of
I.

.3.  Fractographic  analysis

ailed FDPs were first inspected in polarized light stere-
microscope (AxioZoom V16, Zeiss, Oberkochen, Germany)
sing  Z-stack mode which automates sequential imaging
long  the z-plane and sticks them within the same depth
f  focus (ZEN 2.3 PRO, Zeiss) to depict fracture planes and
llow  fractographic analysis under higher magnifications (up
o  260x). Criteria used for failure were implant or abutment
racture, veneering crowns chipping (cohesive), veneering
rowns fracture exposing the FRC framework (adhesive),
nd/or infrastructure fracture (catastrophic).

.4.  Voxel  based  finite  element  analysis  (FEA)

he STL file was voxelized with 0.04 mm/voxel in the voxel-
ased  FEA software (Voxelcon2015, Quint, Tokyo, Japan).
otal  voxel number was 48,067,452. Elastic modulus of the
eneering  material, resin composite block (Shofu Block HC,
hofu)  was determined by following in silico non-linear
ynamic three-point bending analysis, as established in
revious  work [45]. That of FRC composite was obtained
rom in-house data of manufacturer (Trinia, Bicon LLC).
oisson’s ratio of each material was set to 0.38 accord-
ng  to that of dental composites [46] (Table 1). X, Y, and

 axes for FEA models were defined along bucco-lingual
irection, mesio-distal direction, and axial direction, respec-
ively.  Static loads of 300 N, 600 N, and 900 N were loaded
n  three areas according to loading condition of in vitro
atigue  testing. CAD/CAM resin composite crowns were per-
ectly  cemented on the abutment and the bottom surface
Please cite this article in press as: Bergamo ETP, et al. Performance of c
implant-supported prostheses: in silico and fatigue analyses. Dent Mater (2

f  the abutment was completely fixed along to X, Y, and
 axes. By following aforementioned boundary conditions,
he  voxel based FEA was conducted using matrix solver
ith  an error of 0.0001 [47]. Maximum principal strain dis-
 ( 2 0 2 1 ) xxx–xxx 5

tribution was assessed, and maximum value was compared
(Fig.  3).

3.  Results

The cumulative damage model calculations using a Weibull
distribution and an inverse power law life-stress relationship
exhibited beta values (�, Weibull configuration factor) of 1.15
(confidence  interval-CI: 0.76–1.76 when all data were collapsed
and  of 1.61 (CI: 0.55–4.75) for the 2nd molar, which indicate
that  fatigue damage accumulation was the main acceleration
factor  for failure. It is noteworthy that the lower bound of the
CI  of the fixed dental prostheses (FDPs) denotes an effect of
strength  influencing failure rate for such dataset (� < 1). On
the  other hand, beta values of 0.41 (CI: 0.09–1.81) for the 1st
molar  and of 0.25 (CI:0.09−0.65) for the 1st premolar indicate
that  materials strength was the main acceleration factor for
failure.  Again, it is worthy to mention that while the 1st pre-
molar  confidence bounds indicate a chief effect of strength
influencing failure rate, the upper bound of the CI of the 1st
molar  indicate that fatigue damage accumulation also showed
an  effect on the failure rate.

Table 2 shows the probability of survival calculated for a
mission  of 50,000 cycles at 300, 600, and 900 N along with
the  bilateral 90% CI for the FDPs. Five-unit implant-supported
prostheses with FRC frameworks demonstrated a high prob-
ability  of survival (up to 94%, CI: 88–97 %) for an estimated
masticatory molar load, 300 N. Moreover, no significant dif-
ferences  were observed when the set load was increased to
600  N (92%, CI: 84–96%) and 900 N (87%, CI: 74–94%), indi-
cating high reliability for long-span FRC implant-supported
prostheses. Similarly, data analyzed as a function of loaded
area  indicated high probability of survival for 1st and 2nd
molars  at 300 N (1st 100%, CI: 99–100%/2nd 98%, CI: 83–100%),
as  well as no significant differences were observed when the
set  load was increased to 600 N (1st 100%, CI: 98–100%/2nd
97%, CI: 71–100%), and 900 N (1st 99%, CI: 94–100%/2nd 94%,
CI:  41–100%). Nonetheless, 1st premolar data analysis revealed
high  reliability at 300 N (83%, CI: 67–92%), whereas a progres-
sive  and statistically significant decrease in the probability of
survival  was observed at a set load of 600 N (23%, CI: 9–40%)
and  900 N (0%). While 1st premolar data was only significantly
lower  than 1st molar at 300 N, they were significantly lower
relative  to all other set of data (all data, 1st molar, and 2nd
molar)  at 600 and 900 N.

The  characteristic strength and the Weibull modulus of
the  5-unit implant-supported prostheses are presented in the
Fig.  4 and Table 3. Data analyzed as a function of fatigue load at
failure using Weibull distribution depicted a Weibull modulus
(m)  of 2.17 (CI: 1.81–2.61) when all data of the prostheses were
collapsed.  The m values showed no significant difference for
all  loaded areas, 1st premolar (5.43, CI: 4.08–7.22) and 1st (5.94,
CI:  4.29–8.24) and 2nd (5.56, CI: 4.04–7.64) molars, as observed
by  the overlap of the contours in the graph. The characteris-
rowns cemented on a fiber-reinforced composite framework 5-unit
021), https://doi.org/10.1016/j.dental.2021.09.008

tic  strength when all data of the FDP were collapsed was 1252
N  (CI: 1123−1395 N). Concerning loaded area, the character-
istic  strength of the 1st molar (1779 N, CI: 1661−1906 N) was
significantly higher than 2nd molar (1307 N, CI: 1215−1406 N)

https://doi.org/10.1016/j.dental.2021.09.008
https://doi.org/10.1016/j.dental.2021.09.008


ARTICLE IN PRESSDENTAL-3844; No. of Pages 11

6  d e n t a l m a t e r i a l s x x x ( 2 0 2 1 ) xxx–xxx

Table 1 – Properties of the resin-matrix ceramic and fiber reinforced composite systems used for finite element analysis.

Product Manufacturer Elastic modulus (MPa)  Poisson’s ratio

Veneering resin-matrix ceramic (Shofu HC) Shofu  6,000 0.38
FRC Framework (TRINIA) Bicon LLC 18,800 0.38
Abutment Bicon LLC 114,000 0.34
Rely X U200 3M Oral Care 8,000 0.33

Fig. 3 – Contour plot evidencing the Weibull Modulus (m) and the Characteristic Strength (N) and of the implant-supported
5-unit polymeric FDP. The non-overlap of the contours indicates statistically significant difference.

Table 2 – Probability of survival (%) and the respective 90% confidence interval of the implant-supported 5-unit polymeric
FDP for an estimated mission of 50,000 cycles at 300, 600, and 900 N.

Lower
bound

300 N Upper
bound

Lower
bound

600  N Upper
bound

Lower
bound

900  N Upper
bound

All data 88 94 aB 97 84 92 aB 96 74 87 aA 94
1st molar 99 100 aA 100 98 100 aA 100 94 99 aA 100
1st premolar 67 83 aB 92 9 23 bC 40 0 0 cB 0
2nd molar 83 98 aAB 100 71 97 aAB 100 41 94 aA 100

Different lowercase letters indicate statistically significant difference between missions. Different uppercase letters indicate statistically sig-
nificant difference between FDP region.

Table 3 – Characteristic strength (N) and Weibull modulus of the implant-supported 5-unit polymeric FDP with the
respective 90% confidence interval.

Lower bound Weibull
modulus (m)

Upper  bound Lower bound Characteristic
strength (N)

Upper  bound

All data 1.81 2.17 b 2.61 1123 1252 b 1395
1st molar 4.29 5.94 a 8.24 1661 1779 a 1906
1st premolar 4.08 5.43 a 7.22 469 506 c 546

 betw
2nd molar 4.04 5.56 a 7.64 

Different lowercase letters indicate statistically significant difference

and 1st premolar (506 N, CI: 469−546 N), both also statistically
significant different.
Please cite this article in press as: Bergamo ETP, et al. Performance of c
implant-supported prostheses: in silico and fatigue analyses. Dent Mater (2

The  main failure modes demonstrated by the FDPs were
the  cohesive fracture of the resin-matrix ceramic crown at
lower  loads on the 1st premolar (chipping), as well as adhe-
1215 1307 b 1406

een FDP region.

sive  fracture of the veneering resin-matrix ceramic crown
at  higher loads on the 1st and 2nd molars (Fig. 5). Care-
rowns cemented on a fiber-reinforced composite framework 5-unit
021), https://doi.org/10.1016/j.dental.2021.09.008

ful  examination of the occlusal surface of the FDP revealed
the  typical wear of polymeric materials under the loading
area  before fracture. Cohesive fracture of the 1st premolar

https://doi.org/10.1016/j.dental.2021.09.008
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Fig. 4 – SEM images of a fractured implant-supported 5-unit FRC FDP (A). While 1st premolar (B) loading usually triggered
cohesive fracture of the veneering crown, 1st (C) and 2nd (D) molar loading usually resulted in adhesive fracture of the
veneering crown. The micrographs indicate the origin (*) and the direction of crack propagation (white arrows), with the
crack initiating under the loading surface and propagating towards the proximal and cervical margins.
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rown started from the occlusal indentation area, leading
o  subsurface damage and cone crack propagation towards
he  restoration cervical margins (Fig. 4A). Severe microcrack-
ng  under the loading area was verified in the 1st and 2nd

olars  of the FDP with adhesive fracture, where cracks origi-
ating  from multiple crack fronts propagated as the load and
umber  of cycles increased and resulted in crown material
elamination exposing the framework (Fig. 4B–C). Telltale frac-
ographic  marks including hackles and arrest lines confirmed
he  current findings. No framework fracture was observed.
either implants nor abutments presented bending or

racture.
Maximum  values of maximum principal strain after the

oxel  based FEA under 300 N, 600 N, and 900 N loadings were
.252  ��, 0.504 ��, and 0.756 ��, respectively. They were located
t  loading area in all loading conditions as shown in Figure
.

Please cite this article in press as: Bergamo ETP, et al. Performance of c
implant-supported prostheses: in silico and fatigue analyses. Dent Mater (2

.  Discussion

he restorative material has previously shown to influ-
nce  the biomechanical performance of implant-supported
reconstructions, especially for fixed dental prostheses (FDPs)
[3,4,7,18,24].  The low elastic modulus inherent to the recently
developed  high-strength computer-aided design/computer-
aided manufacturing (CAD/CAM) polymeric systems has
become  particularly relevant for implant-supported recon-
structions by improving the capability to distribute occlusal
forces  and reduce stress transmission to the peri-implant
bone since patients with implants have a decreased pro-
prioception and lower tactile sensitivity [9–11]. Specifically,
fiber-reinforced composites (FRC) advantages for framework
milling  may lie on their high strength-to-weight ratio,
resistance-curve (R-curve) behavior, and reliability [15–21].
However,  a proper CAD designing and milling, considering
fiber orientation and providing FRC frameworks that favor
fiber  alignment are crucial [16,27,30–32]. Also, resin-matrix
ceramics advantages for crown milling may lie on their
improved strength relative to conventional resin compos-
ites,  easy production and adjustment, high reliability and
repairability [35–39]. Based on previous findings that have indi-
rowns cemented on a fiber-reinforced composite framework 5-unit
021), https://doi.org/10.1016/j.dental.2021.09.008

cated  the veneering resin composite as the weakest link of
FRC  reconstructions [16], the current study aimed to charac-
terize  the mechanical behavior of an alternative prosthesis

https://doi.org/10.1016/j.dental.2021.09.008
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Fig. 5 – Maximum principal stress distribution on the
implant-supported 5-unit FRC FDP under 300, 600, and 900

showed  a statistically significant decrease when the reliabil-
N.

design, where the milled FRC framework presented individ-
ual  tooth preparations designed to allow for the cementation
of  resin-matrix ceramic crowns in a challenging 5-unit pos-
terior  implant-supported fixed dental prosthesis (FDPs) using
step-stress  accelerated-life fatigue testing (SSALT) and finite
element  analysis (FEA). Based on the obtained data, the FDPs
presented  high reliability for a masticatory molar load, 300 N,
irrespective of loaded tooth. Moreover, in a more  demanding
loading scenario, 600−900 N, FDPs would maintain the esti-
mated  reliability at high levels, except for the 1st premolar
data  set. Despite at high loads, the main events for FDPs failure
was  cohesive and adhesive fracture of the veneering crown.

In  FRC restorative systems, the polymer matrix binds the
fibers  transferring the load perpendicularly to fiber axis, and
is  supposed to guarantee mechanical, thermal, and chemi-
cal  stability [14,15,19]. The FRC herein investigated basically
consists  of an epoxy resin matrix, which has previously
demonstrated favorable moisture resistance, thermal conduc-
tivity,  processing versatility along with satisfactory fracture
toughness and strength, and low elastic modulus [48,49].
In  addition, fiber content and their geometrical lay-up may
influence  the biomechanical performance of the rehabilita-
Please cite this article in press as: Bergamo ETP, et al. Performance of c
implant-supported prostheses: in silico and fatigue analyses. Dent Mater (2

tions  [14–19,21]. The reinforcement compound of the FRC
system  consists of approximately 60% weight content of
multi-directional glass fibers, which can be regularly inter-
 x ( 2 0 2 1 ) xxx–xxx

laced  due to the conformation of prefabricated discs under an
industrial environment, minimizing the formation of defects
and  improving the flexural strength of the material up to
393  MPa, without increasing its elastic modulus (E: 30 GPa)
[12,26–29].  Glass fibers have been widely used as reinforcing
compounds in FRC systems due to their excellent thermal and
chemical  stability, as well as mechanical strength and wear
resistance  [50].

A  resin-matrix ceramic system available in discs for milling
was  used as monolithic crowns individually cemented on
the  FRC framework. The physical-mechanical properties of
resin-matrix  ceramics are directly dependent on the size,
distribution and weight content of the ceramic particles, as
well  as their incorporation into the polymer matrix that
may  influence the interfacial adhesion and presence of voids
and  defects, with systems composed of small particles and
high  filler content considered biomechanically advantageous
[16,23,26,35–39]. The current system has previously shown to
be composed of a methyl methacrylate polymer matrix and
zirconium  silicate ceramic nanoparticles and nanoclusters,
where the dispersed ceramic compounds and the industrial
blocks  processing increased its flexural strength up to 190
MPa,  approximately 100 MPa higher than conventional resin
composites  [26,37,36–39]. In fact, CAD/CAM processing in an
industrial  environment, inherent to both systems used in the
current  study, has shown to increase the structural reliabil-
ity  of restorative systems [12,26]. The Weibull modulus, a
unitless  parameter used to describe the variation in strength
values  and structural reliability as a result of flaw popula-
tion  [33,43,44,51], was approximately 5.0 for the different areas
loaded  in the FDP tested in the current study, which is within
the  range of values obtained for the currently available glass-
ceramics  and polycrystalline ceramic systems [35,40,41,51].

Failure  rate interpretation based on the use level proba-
bility  Weibull parameters for all data collapsed and only 2nd
molar  data set indicated that the fatigue accelerated failures (�
>1) through the cumulative damage triggered by the mechan-
ical  loading and environmentally assisted slow crack growth,
commonly  associated with late failures [23,33,34,41,44]. In
contrast,  the performance of the 1st premolar and 1st molar
data  set was mainly affected by materials strength rather
than  fatigue damage as cycles elapsed (� < 1) [16,23,40,41,44].
Nonetheless, confidence interval bounds indicated an influ-
ence  of materials strength for the 2nd molar, as well as fatigue
damage  accumulation can also present a role on the 1st molar
failure  rate. Previous investigations on dental reconstructions
using the SSALT methodology have shown similar failure rates
[16,23,40,41,44].

SSALT  data analysis have demonstrated high probability
of  survival (94%) for the long-span FDP at 300 N, physiologic
masticatory molar load, with absence of significant differ-
ences  when the set load was increased to 600 (92%) and
900  (87%) N, representing maximum voluntary bite forces
[52].  Similarly, 1st and 2nd molars dataset showed high reli-
ability  at 300 N (∼98%), which remained high for the more
demanding missions (∼97%); whereas 1st premolar data set
rowns cemented on a fiber-reinforced composite framework 5-unit
021), https://doi.org/10.1016/j.dental.2021.09.008

ity  at 300 N (83%) was compared to 600 (23%) and 900 (0%)
N.  Characteristic strength determined by the Weibull anal-
ysis  considering the fatigue load-at-failure of the FDP was

https://doi.org/10.1016/j.dental.2021.09.008
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252 N, with 1st molar (1779 N) data set presenting signifi-
antly  higher values relative to 2nd molar (1307 N) and 1st
remolar  (506 N), both significantly different. Despite 1st pre-
olar  inferior SSALT performance, the failure distribution was

ignificantly  higher than maximum bite forces in this area
52].  The promising biomechanical performance of the inves-
igated  FDPs design may be associated with the low elastic

odulus and flexible nature of both polymer systems, FRC
ramework  and resin-matrix ceramic crowns, making them

ore  suitable for dampening occlusal forces and distributing
tress  [16,17]. Particularly, the resin-matrix ceramic used for
achining the crowns has previously shown higher damage

olerance  after fatigue testing relative to glass-ceramics, with
pproximately 60% less crack formation, which was associ-
ted  with the more  favorable elastic-plastic deformation and
oading  energy absorption capacity, which raise the critical
oad  for crack initiation by reducing the stress intensity at
ritical  defects (R-curve behavior) [53,54].

To the best of authors’ knowledge, this is the first study
sing  SSALT in a long-span CAD/CAM polymeric implant sup-
orted  prosthesis scenario. Although an all-ceramic control
roup  could be expected, it is important to acknowledge
hat porcelain fused to zirconia, which is the current all-
eramic  alternative for implant-supported FDP (partial and
ull-arch)  has shown unacceptable fracture rates of the porce-
ain  veneer [7]. Data for monolithic zirconia use as long-span
DP  is scarce and short-termed [55]. Previous studies using
SALT  under a similar protocol for implant-supported 3-
nit  FRC FDPs with a conventional framework design of 12
m2 connector area and resin composite veneering have also

emonstrated  high reliability for a similar mission at 300 N
96%)  [16]. Three-unit FDPs with 12 mm2 connector area made
f  porcelain-fused to zirconia have resulted in a significantly

ower  survival than metal ceramic FDPs, which presented sim-
lar values to 3-unit FRC FDPs [41]. The comparison with the
vailable  data obtained for the standard of care indirect sys-
ems  for long-span implant-supported prosthesis indicates a
romising outcome for the newly proposed FRC framework
esign  and monolithic single crowns veneering. Moreover, the
esults  emphasize the principle that other properties besides

echanical  strength may contribute to rehabilitations sur-
ival,  especially in implant-supported reconstructions that
eem  to be more  prone to technical complications due to
he  absence of periodontal ligament and its inherent impact
bsorption capacity [7,9,10,16,17,27].

Furthermore, the multidirectional alignment of the glass
bers  along with the anatomic individual preparation design
f  the framework offered support to the resin-matrix ceramic
ingle  crowns, increasing load-at-fracture [14,16,17]. Contin-
ous  fibers parallelly aligned with the maximum principal
tress  direction has shown to get the maximum biomechan-
cal  performance of FRC rehabilitations [14–17,19]; however,
linical  studies indicated that the most common failure mode
f  handmade conventional FRC prostheses with unidirec-
ional  fiber alignment is veneering material fracture at low
oads  as a result of framework insufficient occlusal sup-
Please cite this article in press as: Bergamo ETP, et al. Performance of c
implant-supported prostheses: in silico and fatigue analyses. Dent Mater (2

ort  [14,18,24]; thus, the multidirectional fiber alignment
long with the anatomic preparations to cement monolithic
rowns, as herein investigated, potentially increased prosthe-
 ( 2 0 2 1 ) xxx–xxx 9

sis  fracture resistance and reduced fracture size, increasing
repairability [16]. Despite the aforementioned improvements,
the  weakest link of FRC FDPs still comprised the veneering
material by cohesive or adhesive fracture of the resin-matrix
ceramic crowns, where cracks originated under the loading
area  propagated to the margins of the prostheses [16,35].
Voxel-based  FEA has shown to be adaptable to complex CAD
models  such as FDPs and crowns and, consequently, used
in  this study to analyze crack initiation of the proposed
CAD/CAM polymer reconstruction [56]. Maximum principal
strain  is a well-known failure criterion, effective to predict
flexural strength of resin composites, and corroborated with
the  determined fracture origin in the fractographic analysis,
under  the loading area [57]. Moreover, an important advan-
tage  regarding such failure modes is the possibility of clinical
repair,  especially for cohesive failures of the 1st premolar
area,  through conventional in-office restorative procedures
[15,16,58]. At higher loads (>1300 N), fractures were commonly
larger,  but still technically repairable. A previous study has
demonstrated that the reliability of implant-supported resin-
matrix  ceramic crowns is maintained after in-office repairing
when  compared to its intact counterpart, suggesting more
favorable  results than resin composite repair in glass-ceramics
and  polycrystalline ceramics [23].

Concerning adhesive failures, the interfacial adhesion
between the FRC, which consists of epoxy resin, and the resin-
matrix  ceramic crowns, composed of methacrylate-based
resin, warrants further improvements since the solubility
between  both layers has shown to be compromised [59]. In
fact,  the adhesion between dental polymers through the for-
mation  of the well-known interpenetrating polymers network
lies  on the dissolution of the surface and polymer chain entan-
glement  between the dissolved substrate of both framework
and  crown and monomers of resin cement; however, ther-
moset  cross-linked polymers, such as the current FRC system,
are  difficult to dissolve without strong chemicals, high pres-
sure  or temperature, therefore affecting bond strength [60–62].
Another  concern of the current indirect polymeric rehabili-
tation  is the absence of the non-polymerized surface layer
due  to presence of air, which is common in direct polymer-
based  reconstructions, favoring a free radical polymerization
and  creating a more  stable chemical bond [60]. Such aspects
can  be considered as limitations of the current FRC and resin-
matrix  ceramic systems and support further investigations
concerning the use of different physicochemical surface pre-
treatments,  including different protocols of sandblasting (i.e
silica coating the alumina particles) and/or the development
of  different adhesive/primer systems, to improve surface dis-
solution of indirect polymeric systems and interfacial bond
strength  [14–17,19,59,63]. However, whether increased bond
strength  between resin composite and FRC framework, as
well  as increased mechanical properties of veneered material
would  synergistically translate to higher success rates are yet
to be confirmed in clinical studies.

The current data suggest promising generations of
high-strength polymeric systems that may provide a reli-
rowns cemented on a fiber-reinforced composite framework 5-unit
021), https://doi.org/10.1016/j.dental.2021.09.008

able  treatment alternative, especially for implant-supported
reconstructions where biomechanics is challenging, and
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repair is commonly used to extend their lifetime. Further stud-
ies  are required to determine their clinical performance.

5.  Conclusion

Implant-supported fixed dental prostheses fabricated with
fiber-reinforced composite frameworks with an individual
preparation design that allowed cementation of resin-matrix
ceramic single crowns resulted in a high probability of sur-
vival  in a challenging posterior long-span prosthesis scenario.
Crown  fracture, cohesive and adhesive fracture, comprised
the  main failure mode. Such findings suggest a promis-
ing  generation of polymeric systems for implant-supported
reconstructions.
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