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ARTICLE INFO ABSTRACT

Keywords: Objectives: This in vitro study aimed to find the best combination of mesostructure and veneering materials for
Full-arch implant-supported hybrid prostheses full-arch implant-supported hybrid prostheses (HPs) in terms of the fracture resistance (FR) of their cantilevers.
Cantilever

Methods: Three groups (n = 5 each) of maxillary HPs were fabricated: Group-1 (CC-A, control): Co-Cr frameworks
coated with acrylic resin; Group-2 (CF-A): carbon fiber veneered with acrylic resin; and Group-3 (CF-R): carbon
fiber coated with composite resin. All specimens were submitted to 5,000 thermal cycles (5 °C — 55 °C, dwell
time: 30 s), and subjected to a single cantilever bending test in a universal testing machine (crosshead speed: 0.5
mm/min) until failure. The fracture pattern was assessed using stereo microscope and SEM. The one-way ANOVA
and Bonferroni tests were run (a= 0.05).

Results: The FR yielded significant differences among the three groups (p< 0.001). CC-A samples reached the
highest FR values (p < 0.001), whereas both CF-A and CF-R HPs exhibited the comparably (p = 0.107) lowest FR.
CC-A specimens failed cohesively (100%): mostly without chipping (80%). CF-A mesostructures were always
broken at the connections of the distal implants. CF-R prostheses often failed adhesively (80%).

Conclusions: The HPs made of Co-Cr veneered with acrylic demonstrated the best mechanical behavior, being the
only group whose 13-mm long cantilevers exceeded the clinically acceptable FR of 900 N. The HPs constructed
with carbon fiber frameworks showed, additionally, more unfavorable fracture patterns.

Clinical significance: For HPs with cantilevers up to 13 mm, Co-Cr mesostructures coated with acrylic may
represent the optimum combination of materials.

Prosthetic frameworks
Carbon fiber
Cobalt-chromium
Resin veneering

1. Introduction

Cantilevered full-arch implant-supported hybrid prostheses (HPs)
have become an alternative prosthodontic treatment with high survival
rates in the challenging situations of edentulous patients with
augmented prosthetic spaces, intense alveolar bone loss, and lack of
adequate support for the soft tissues [1-3]. According to the Branemark
original protocol, these screwed restorations with distal cantilevers in
both hemiarcades [4] were first fabricated with cast gold frameworks
coated with acrylic resin, in which acrylic denture teeth were embedded
[4,5]. However, given the price of this noble metal, different alloys such
as those based on silver-palladium [6], titanium [7], or
cobalt-chromium have been used instead [8].

Notwithstanding the popularity of HPs, several studies highlight
their prevalence of complications, which often result in multiple main-
tenance and repair appointments to keep them functional [9-12]. The
presence and length of the cantilevers [13], the lack of fine proprio-
ception [14], the type of antagonist [15], the parafunctional overloading
[16], and the poor union of the coating material to the metallic frame-
work [17,18], are the main risk factors associated to the failure of these
fixed implant rehabilitations. Even though the retention between acrylic
resin and metal alloys has been tried to be improved [19-21], the
detachment and/or fracture of the artificial teeth and of the prosthetic
gingival tissues are still the most common failure-causing problems in
HPs, alongside the wear of the occlusal surfaces [11,12].

On the one hand, the absence of a chemical adhesion between the
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acrylic components and the metallic mesostructure may result in
microleakage at the junction, fluid percolations, microgaps, and dete-
rioration of the acrylic resin [22]. On the other hand, the differences in
the coefficients of thermal expansion (CTEs) between the acrylic
suprastructure and the metallic framework in combination with the
volumetric shrinkage of the acrylic resin, have also been related to the
bond failure at the acrylic/metal interface [23,24]. In recent years, the
need of overcoming these drawbacks has led to the development of
metal-free materials such as carbon fibers, which seem to provide
similar stiffness [25-29]. Nonetheless, very few studies address the
mechanical properties of these new mesostructures when bonded to
acrylic or composite resin [25,26,29]. Furthermore, there are no in-
vestigations focusing on the fracture resistance of the distal cantilevers
of HPs made with such combinations of materials, despite the fact that
the cantilever is the most fragile area. In this respect, maxillary canti-
levers ranging between 10 and 12 mm [30] and between 12 and 15 mm
[31,32] have been recommended. However, most authors agree that the
extensions should be as short as possible, in order to avoid biome-
chanical problems [33]. We have selected 13-mm long cantilevers for
being loaded in our experiment, as this value is the promedium of those
suggested in the literature, and because this measure covers the
mesio-distal dimension of two premolars for a shortened dental arch
(SDA).

Therefore, this investigation aimed to find the best combination of
framework and veneering materials for HPs in terms of the fracture
resistance (FR) of their cantilevers, and to determine whether the FR
values obtained in the study groups exceeded the clinically acceptable
limit of 900 N (taken as an empirical reference) [34]. Thus, the null
hypothesis tested was that maxillary HPs made of acrylic coated
cobalt-chromium (CC-A), carbon fiber veneered with acrylic resin
(CF-A), and carbon fiber covered with composite resin (CF-R) show no
significant differences to each other concerning the FR and fracture
pattern of their cantilevers.

2. Material and methods
2.1. Sample size calculation

The FR mean and standard deviation (SD) values registered from five
specimens per group were used to calculate the sample size (Nquery
Sample Size Software® v. 7.0, Statsols®, Boston, MA, US). A power of
95% and a significance level of a= 0.05 were considered [35]. A mini-
mum of three specimens per group was estimated to obtain reliable
findings. Therefore, the five specimens tested in each experimental
group were maintained to achieve a larger effective sample size [25,36,
37]. The pilot study was thus validated as the definitive investigation.
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2.2. Specimens’ design and manufacturing procedures

For our in vitro study, 15 maxillary full-arch hybrid implant-
supported prostheses (HPs) were CAD/CAM fabricated. Depending on
their framework (mesostructure) and veneering (suprastructure) mate-
rials, together with their associated manufacturing procedures, these
rehabilitations were assigned to the following groups (n = 5 each).
Group 1 (CC-A, control): Acrylic-coated cobalt-chromium HPs; Group 2
(CF-A): Acrylic-coated carbon fiber HPs; and Group 3 (CF-R): composite-
resin veneered carbon fiber HPs.

All of the samples were manufactured by the same prosthodontic
technician, who used a stainless-steel machined support that contained
five cylindrical dental implants with an external hexagonal connection,
a 3.75 mm wide platform, a length of 10 mm, and a diameter (@) of 4.1
mm (Nobel Biocare®, Gothenburg, Sweden). These fixations were
inserted in the 14, 12, 11, 22, and 24 arch positions. The metallic model
was digitized (3Shape® D2000 Dental System, Copenhagen, Denmark).
A framework for a maxillary full-arch cantilevered HP with a SDA was
computer-aided designed (CAD) (Fig. 1A). Such STL archive was sent to
a milling device (VHF- S2, VHF, Ammerbach, Germany), in which five
equal structures were machined from cobalt-chromium (Co-Cr) disks
(imes-icore GmbH®, Eiterfeld, Germany); and ten identical structures
were milled from 100% carbon fiber disks (Micromedica®, Robbio,
Italy). The last ones were randomly assigned to the Groups 2and 3 (n =5
each). After being machined, all of the samples were cleaned with water
steam and gently air-dried.

A wax pattern of the suprastructure was manually prepared (Bader®,
Nigran, Pontevedra, Spain) and a silicone mold was obtained from the
mock-up (Glass Silicon®, Micromedica®) to ensure that all of the HPs
had the same dimensions and morphology.

In the CC-A group (control), the Co-Cr frameworks were impregnated
with metal bonding (Link®, Ivoclar-Vivadent®, Schaan, Liechtenstein)
and were coated with two layers of wash opaque paste (Opaquer
Nexco®, Gingiva Opaquer®, Ivoclar-Vivadent®) that masked the un-
derling metallic color. The carbon fiber frameworks of the CF-A and the
CF-R groups were varnished with a compatible adhesive (BioxFill®,
Micromedica®) and their darkness was then neutralized with two layers
of special wash opaque material (BioxFill® Opaquer Medium, Micro-
medica®). All of the structures were light-cured for 3 min both after the
adhesive and the opaque application using the same curing unit
(HiLite® Power, Heraeus, Hanau, Germany).

In the acrylic-veneered groups (CC-A and CF-A), the wax pattern
facilitated the precise placement of the denture teeth and the direct
conformation of the soft tissues. For the construction of each HP, the
artificial teeth (SR Orthotyp®, Ivoclar-Vivadent®) were fitted in their
respective positions into the silicone mold. Immediately after, heat-
curing acrylic resin (Paladon 65 Pink®, Kulzer®, Tokyo, Japan) was
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Fig. 1. A: Digital design of the framework of all the implant-supported hybrid restorations. B: Study sample that mimicked a real maxillary hybrid prosthesis,
composed, in this case, by a carbon fiber mesostructure coated with acrylic resin (Group 2).
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poured in the muffle with the framework and was processed in a curing
machine (Mestra 030,420®, Mestraitua S.L., Bilbao, Spain) for 15 min,
at 55 °C (131°F), and 2 bars of pressure. The acrylic excesses and ir-
regularities were trimmed using conventional handpiece burs. All of the
specimens were polished using an electropolishing device with a cotton
brush (Mestra®). In the CF-R group, the artificial teeth and the pros-
thetic gum were made-up with composite resin (Nexco® A2, Ivoclar-
Vivadent®) using the layering technique inside the silicone mold. In this
group, each 2-mm film of composite resin was light-polymerized in the
curing unit (Hilite® Power).

Finally, the connections at the mesostructure/implant interfaces
were sandblasted with 100 ym @ aluminum oxide (AlyO3) particles
(distance: 5 cm, pressure: 1 kg), and were steam cleaned. The connec-
tions of the CC-A prostheses were then treated with metal adhesive
primer (Monobond Plus®, Ivoclar-Vivadent®) and were luted to the
mesostructure using a self-healing agent (Multilink Hybrid Abutment®,
Ivoclar-Vivadent®). The connections of the CF-A and CF-R groups were
bonded to the carbon fiber frameworks with an appropriate cement
(Carboblock®, Micromedica®).

2.3. Artificial aging

In the chemical laboratory of our Faculty, 10 L of artificial saliva
(pH= 7) were produced with this formulation (in g/L): NaCl (0.4); KCl
(0.4); CaCl,2H,0 (0.906); NaH5P0O42H,0 (0.0690); NayS9H,0 (0.005);
and urea (1). The aging protocol for biomaterials outlined in the ISO/TR
11,405:2015 standard was strictly followed. The specimens were ther-
mal cycled for 5000 cycles in the artificial saliva (dwell time: 30 s,
transfer time between consecutive cycles: 2 s) in a custom-made thermal
cycling machine, with temperatures ranging from 5 °C (41°F) to 55 °C
(131°F). This aging procedure would correspond to 1 year of clinical
service [38].

2.4. Single cantilever bending test

After aging, the samples were kept stored in artificial saliva at 37 °C
(98.6°F). Immediately before the bending test, the specimens were dried
with an absorbent cloth and were labeled with an alphabetical code that
corresponded to the group acronyms. Within each group, the restora-
tions were randomly differentiated by subscript numbers from 1 to 5.

All of the specimens (Fig. 1B) were subjected to a flexural load
through a single cantilever bending test in a universal testing machine
(UTM). This electromechanical tool (MTS Insight 45®, Eden Prairie, US)
has a maximum capacity of 100 kN, an accuracy of 4+ 0.5% of the force
exerted, and a speed precision of + 0.1% of the chosen speed. The UTM
was calibrated by an engineer according to the ISO 7500 and ASTM E4
standards, one month before our investigation. The standard error of
measurement of the bending test was 367,504 (SD of the scale at base-
line= 489,35,383; Chronbach’s a= 0.4355).

The machined support that contained the implants was horizontally
oriented and screwed to the metallic plate of the UTM. Before testing,
each restoration was anchored to the implants of the master model.
Standard titanium screws (IPD®, Barcelona, Spain) were tightened to 30
Ncm [3] throughout all the cemented connexions of each HP by means
of an electronic torque wrench (Nobel Biocare Torque Controller®,
Gothenburg, Sweden).

The load was always applied in the right hemiarcade, at the mesio-
distal midpoint between the implant in position 14 and the end of the 13
mm-long cantilever. A @ 10 mm stainless-steel round ended cylindrical
punch was fixed to the load cell and was adjusted to the marked location
in each sample (6.5 mm distally to the center of the 14 implant
connection, coinciding with the vestibular-lingual midpoint). A vertical
force with an initial module of 0.2 N was exerted at a crosshead speed of
0.5 mm/min until the fracture and/or the detachment of the veneering
material occurred. Thanks to these parameters the failure type was
analysed in detail. An evident decrease in the stress plot of the loading
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curve announced the failure initiation, which was also recognized
throughout visible and audible signs of cracks. The data obtained were
interpreted using the TestWork® software (MTS®, Eden Prairie, US).

The bending test was entirely performed by a trained, single oper-
ator. The same conditions of room temperature (RT: 23.0 + 1.0 °C, i.e,,
73.4 £ 33.8°F) and relative humidity (RH: 50 + 5%) were maintained
[39].

2.5. Classification of the fracture pattern

The failure modes were evaluated by an experienced, single rater,
and were classified into different categories: ‘adhesive’ (debonding of
the coating material), ‘cohesive’ (showing cracks with or without
chipping within the thickness of the suprastructure), ‘mixed’ (almost
equilibrated combination of both adhesive and cohesive modalities),
and ‘complete failure’ (a breakage of the mesostructure also occurred).

2.6. Stereoscopic and SEM evaluation

After the bending test, the failure modes were examined under stereo
microscope (Leica M80®, Heerbrugg, Switzerland), at 40 x magnifica-
tions, with a LED light source (CLS 100 Leica®). Images of the fractured
sites were taken using the Leica DFC 450® digital camera (5 megapixel
CCD sensor).

Specific fractured areas of the HPs from each group were explored
using different magnifications (100 x and 300 x) under scanning
electron microscope (SEM; JSM-6400®, Jeol®, Tokyo, Japan). The SEM
images had a tridimensional (x/y/z) resolution of 4 nm at an acceler-
ating voltage of 20 kV [39]. In view of the curvilinear design of the
prostheses, the samples were alternatively fitted on their support for
getting the best projection angles with respect to the optical axis of the
microscope [40].

Before SEM evaluation, the samples’ surfaces were sputtered ho-
mogeneously with a 10 nm thick gold film in a metallizing machine
(Quorum Q150R S®, East Sussex, UK). This device has a vacuum
chamber with argon (Ar) gas (in whose rotating base the specimens are
placed), and a cover with a pure gold layer that is connected to the
electrodes. The procedure begins by emptying the chamber at 3 x 1072
Mbar, thus generating a potential difference of 20 mA, and continues by
removing the Ar from the chamber. This preparation is necessary to
avoid distortion in non-conductive specimens before being SEM
assessed. A specialized technician metallized the HPs and managed the
SEM under our supervision.

2.7. Statistical analysis

The fracture resistance (FR) values were analysed using a specific
software (Stata 16.1®, StataCorp®, Texas, US). Descriptive statistics
were reported as means with standard deviations (SD), medians, inter-
quartile ranges (IQR), and minimum and maximum values in Newton
(N).

As the Shapiro-Wilk test confirmed the normality of the distribution
(p> 0.05) [41], parametric probes were selected. The one-way analysis
of variance (ANOVA) followed by the post hoc Bonferroni pairwise
comparison test were run. Saving the methodological disparities, the FR
data were processed according to well-established statistical methods
used in related research [25,42]. The significance level was set in
advance at a= 0.05 [39,40,42]. The frequency of appearance of the
categorized failure modes was expressed in percentages within each
experimental group (qualitative variable) [43].

3. Results
3.1. Fracture load

All of the samples remained intact after thermal cycling. The FR
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statistics are outlined in Table 1. The spread and centers of the set of FR
values recorded per group are presented in Fig. 2 with box and whiskers
plots.

The tested groups of maxillary HPs yielded statistically significant
differences (p< 0.001), which were registered between the CC-A and CF-
A groups (p = 0.001), and between the CC-A and CF-R groups (p<
0.001). On the contrary, the CF-A and CF-R groups showed statistically
comparable FR values (p = 0.107).

Thus, the CC-A samples achieved the significantly highest FR in the
study (1364.9 + 256.2 N), whereas both the CF-A (655.4 + 262.9 N) and
CF-R (331.8 N £+ 73.1 N) groups evidenced the comparably lowest FR
values under our experimental conditions.

Only the CC-A samples exceeded the predetermined clinically
acceptable minimum FR of 900 N at the tested location.

3.2. Microscope analysis and fracture pattern

Exemplary images of the tested samples taken by stereo microscope
(40 x) and by SEM (100 x and 300 x), are displayed in the Figs. 3-5. We
started by evaluating the site of initiation and also the propagation of the
fracture lines, as well as the superficial cracks by using 40 x magnifi-
cations with the stereo microscope. Subsequently, 100 x magnifications
were programmed in the SEM to assess the disengaged elements, to
explore possible micro-gaps and to examine the different broken parts
classifying them through a by-component basis (acrylic resin, composite
resin, carbon fiber, cobalt-chromium, cement, etc.). Finally, once the
failure type had been identified, 300 x magnifications were used to look
for particles and material residuals on the surfaces of each mesostructure
and suprastructure [36,39,40].

In the CC-A group, the failure mode was cohesive in all cases, so that
the mesostructures preserved their integrity. Even more, 80% of the
prostheses in this group presented a superficial crack without chipping
of the acrylic coating (Table 2, Fig. 3A). Remnants of the adhesive used
for bonding the acrylic to the Co-Cr substrate and/or traces of the
opaque paste were frequently discovered by SEM in the CC-A group,
which confirmed the cohesive fracture pattern (Fig. 3B).

In the CF-A group, a complete failure or framework fracture was
always registered at the interface between the mesostructure and the
distal implant connection. Vestiges of bonding/coating materials were
commonly identified on the implant surfaces (Table 2, Fig. 4A). At the
fracture line, the separation between the carbon fiber framework and
the acrylic coating was verified by SEM, and slight fragments of some
broken carbon fibers that remained attached to the acrylic material
could be seen (Fig. 4B).

As for the CF-R prostheses, the framework of an isolated specimen
was completely broken at the access hole of the implant adjacent to the
cantilever, showing a preponderant adhesive fracture pattern (Table 2,
Fig. 5A). Most samples of this group (80%) failed adhesively without the
breakage of the mesostructure, so that the composite resin was disen-
gaged from the carbon fibers. Actually, in this group, residues of the

Table 1.
Fracture load values (N) of the implant-supported hybrid prostheses after the
cantilever bending test.

Group n Mean SD Me IQR Min Max
CC-A 5 1364.9 (a) 256.2 1445.1 399.4 1038.9 1629.2
CF-A 5 655.4 (b) 262.9 590.0 132.1 372.1 1080.0
CF-R 5 331.8 (b) 73.1 334.8 64.7 245.1 438.9

N: Newton. CC-A (Group 1): Implant-supported hybrid prostheses (HPs) made
of Co-Cr frameworks coated with acrylic resin. CF-A (Group 2): HPs with carbon
fiber mesostructures veneered with acrylic resin. CF-R (Group 3): HPs with
carbon fiber frameworks coated with composite resin. SD: Standard deviation.
Me: Median. IQR: Interquartile range. Min: Lowest fracture resistance (FR)
value registered in each group. Max: Highest FR value recorded in each group.
In the third column, different lowercase letters indicate statistical differences (p
< 0.001).

Journal of Dentistry 116 (2022) 103902

Experimental groups
—

1,500

°

-

CF-A

1,000

500
1

e

Resistance to fracture (N)

0

CC-A CF-R

Fig. 2. Box Plot that graphically depicts the spread-out of the fracture load (FR)
data recorded in the experimental groups after the single cantilever
bending test.

debonded materials were hardly observed on the opposite surfaces
(Fig. 5).

4. Discussion

The mechanization of the HPs’ mesostructures from carbon fiber
disks is part of the advancement of the CAD/CAM technologies. How-
ever, to date, these materials have been scarcely investigated [25-29].
Our null hypothesis was rejected, because the tested groups of HPs
showed significantly different FR values and diverse fracture patterns at
their cantilevers.

Starting by the analysis of the fracture strength, the CC-A restora-
tions presented the significantly highest FR, which comfortably over-
took the 900 N preset for clinical acceptability (Table 1, Fig. 2). Together
with food impaction, speech problems, and difficulties to cope with the
daily hygiene routines [44,45], the worst disadvantages of acrylic
coated Co-Cr HPs have traditionally been biomechanical failures and
component fractures by deflection [9-12]. Nevertheless, our CC-A
samples exhibited significantly higher FR values than did both the
CF-A and CF-R groups, which attained statistically comparable results
(Table 1, Fig. 2). In comparison with both types of carbon fiber HPs, the
Co-Cr veneered with acrylic resin was the most resistant combination of
materials for maxillary HPs at their 13-mm long cantilevers.

The mechanical behavior of the HPs constructed with carbon fiber
mesostructures is controversial [25-29,46-52]. A high resistance to
flexural loads has been reported for implant-supported fixed dental
prostheses made with carbon fiber coated with acrylic [25,26]. None-
theless, the disparities in the laboratory work techniques; the orienta-
tion, cutting mechanisms, pretreatments, structural properties, and
composition of the carbon fibers; the loading sites and, overall, the
experimental protocols, make the comparisons almost unfeasible [25,
26,46-52]. None of the cited investigations used samples that mimicked
real HPs. As no previous studies have compared the FR and fracture
pattern of HPs made with carbon fiber and metallic structures after
cantilever bending tests, our results cannot be rigorously contrasted.

Menini et al. [25,29] compared carbon fiber-reinforced composite
structures and gold alloy frameworks, suggesting that the first ones
might be a viable alternative to the traditional metallic structures for
fixed implant-supported restorations. It must be highlighted that all of
our mesostructures were milled from Co-Cr and pure carbon fiber disks,
instead of being: manually layered, reinforced with composite, and
adapted to the desired design, as they were in the mentioned research
[25,29]. Moreover, in our study, a unique wax pattern was elaborated to
keep the same configuration in all samples.
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Fig. 3. A: Stereoscopic image (40 x, bar: 500um) of the CC-A3 specimen. A little crack without chipping of the acrylic coating may be observed. B: SEM micrograph
taken at the fractured area of the CC-A; sample (100 x, bar: 500um). Reduced vestiges of remaining adhesive and opaque paste are obvious. The acrylic resin coating
has been marked with the ‘a’ lowercase letter; ‘b’ points to the metallic framework, and ‘c’ shows both a microgap between the mesostructure and the veneering

material, and a linear crack on the prosthesis’ surface.

Table 2.
Percentages of failure types observed after the cantilever bending test.

Group n Failure mode (%) Failure location
CC-A 5 C (20%) Acrylic resin coating
Cr (80%)
CF-A 5 F (100%) Framework / chimney interface
CF-R 5 F (20%) Framework / chimney interface
A (80%) Composite resin veneering

CC-A (Group 1): Implant-supported hybrid prostheses (HPs) made of Co-Cr
frameworks coated with acrylic resin. CF-A (Group 2): HPs with carbon fiber
mesostructures veneered with acrylic resin. CF-R (Group 3): HPs with carbon
fiber frameworks coated with composite resin. C: Cohesive failure (within the
veneering material). C—Cr: Subtype of cohesive failure consisting on the
appearance of cracks without detachment of the suprastructure material. A:
Adhesive failure (debonding of the coating material). F: Complete failure (which
moreover involves framework fracture).

Clinically, Pera et al. [28] observed that full-arch screw-retained
immediate prostheses with frameworks made of carbon fiber-reinforced
composite registered high survival rates at a mean follow-up period of
22 months. Conversely, a longitudinal multicenter study carried out by
Yong and Moy [46] reported unsatisfactory mechanical properties for
immediately loaded HPs made of acrylic-coated carbon fibers, as the
implants recorded an overall failure rate of 9% and the breakage of the
restorations at the distal abutments was the main late prosthetic
complication [46]. Our distal implant connections were also critical
areas (Figs. 4A and 5A) [42,46]. Concretely, this failure mode was al-
ways recorded in our CF-A group (Table 2, Fig. 4), and also detected in
one CF-R specimen (Table 2, Fig. 5A). Probably, the lower thickness of
the carbon fiber material next to the implant access holes may help
explain this fracture pattern.

The masticatory load intensity may rely on diverse factors, but,
generally, forces of around 900 N have been measured in posterior

E

Fig. 4. A: Stereoscopic image (40 x, bar: 500um) of the CF-A, restoration. The specimen was totally fractured at the level of the distal implant. Residuals of bonding/
coating materials may be appreciated on the implant surface. B: SEM micrograph (300 x, bar: 500um) of the CF-A, hybrid prosthesis, in which the lowercase letters
indicate: the acrylic coating with a regular topography, almost flat (‘a’), the cross-linked carbon fibers of the framework (‘b’), and a visible disjunction between the
veneering material and the mesostructure (‘c’). Small traces of carbon fibers adhered to the acrylic resin, are detectable.
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Fig. 5. A: Stereoscopic image (40 x, bar: 500um) of the CF-R4 sample. A complete breakage of the framework with a predominant adhesive fracture pattern is
evident at the distal connection site. B: SEM micrograph (300 x, bar: 100 ym) of the CF-R3 specimen, which presents an adhesive failure with a total separation
between the carbon fiber filaments (‘a’) and the composite resin coating material (‘b’). The microgap between the composite veneering and the carbon fiber

mesostructure is noticeable (‘c’).

sectors of adult dentate patients [34]. Given that parafunctional forces
can reach 1000 N, some authors argue that dental restorations should
ideally withstand this load [53-55]. In our study, only the HPs made of
Co-Cr surpassed both values (Table 1, Fig. 2). After implant rehabilita-
tion, the maximal bite force of edentulous patients usually increases [56,
57]. Hence, while the HPs made of acrylic coated Co-Cr seem to provide
clinically acceptable FR values at the cantilevers (Table 1, Fig. 2),
carbon-fiber based HPs might be, at most, considered for anterior areas,
with lower maximal bite forces [58].

Taking into account that previous researchers exerted the load be-
tween implants or at intermediate positions [25,26] and/or used unre-
alistic samples [25,28,42], their findings cannot be extrapolated to the
cantilevers, which are the most fragile areas. Moreover, the CAD/CAM
fabrication of our HPs minimized the handwork, limiting this con-
founding variable [26,42].

In another vein, the specimens failed with varying degrees of severity
and distinct fracture patterns. In the CC-A group, only one specimen
showed a slight chipping of the acrylic coating (Table 2), adjacent to the
posterior implant connection. The remaining CC-A samples just recor-
ded superficial cracks (Table 2, Fig. 3A). Thus, the FR values together
with the characteristical cohesive failure in this group (mainly without
chipping) suggest that the union between Co-Cr and acrylic has yet to be
overtaken by carbon fiber prostheses, regardless of the veneering ma-
terial (Tables 1 and 2, Fig. 2). In the CF-A group, all of the HPs were
broken at the distal implants (Table 2, Fig. 4A), with visible remnants of
the bonding and/or coating materials on their surfaces. A clear disen-
gaging of the coating material with scarce ends of the broken fibers still
bonded to the acrylic resin were observed (Fig. 4B). According to Menini
et al. [29], in our CF-R group, the predominant failure type was adhesive
(Table 2). In this set, the composite resin was debonded from the
framework substrate (Fig. 5B). This may be due to the different Young’s
modulus of both materials, as the composite resin is more rigid than the
carbon fiber [59,60]. The complete failure registered in one CF-R
specimen left the exposed implant surface practically free of residues,
according to the prevalent adhesive failure mode in this group (Fig. 5A).
An adhesive failure reveals a weak framework/suprastructure union,
which is in accordance with the low FR values achieved by the CF-R
samples (Table 1, Fig. 2).

Future research should determine the minimum appropriate thick-
ness for carbon fiber structures, while the bonding and veneering pro-
tocols should be enhanced. Even though a single operator performed the

experimental work in order to ensure a standardized process [61], our
FR data must be cautiously extrapolated to the clinical setting, since the
complex biotermal mechanical factors of the oral environment are not
considered in vitro tests. Other relevant aspects, such as the quality of
life provided by carbon fiber HPs, should be compared with the positive
results achieved so far with the traditional HPs made of acrylic-coated
Co-Cr [62,63].

5. Conclusion

Within the limitations of our study, these conclusions may be drawn:

—_

For full-arch maxillary hybrid implant-supported prostheses (HPs)

with cantilevers up to 13 mm, Co-Cr mesostructures coated with

acrylic resin may represent the optimal combination of materials in
terms of the fracture resistance of their cantilevers.

2 Regardless of their veneering material (acrylic or composite resin),
the cantilevers of carbon fiber HPs were significantly less resistant
than those of acrylic-coated Co-Cr HPs; this being the only group that
exceeded the clinically acceptable limit of 900 N at such location.

3 The HPs made of Co-Cr veneered with acrylic exhibited cohesive
failures that mainly consisted of cracks without chipping, which is
the least critical fracture pattern. Conversely, a complete breakage of
all acrylic-coated carbon fiber HPs occurred next to the distal im-
plants, while most composite-veneered carbon fiber prostheses failed
adhesively.

4 Considering the lack of research on the fracture resistance and failure

modes of the HPs’ cantilevers with carbon fiber mesostructures,

more related in vitro and protocolised in vivo studies are required to
confirm our findings prior to their clinical extrapolation.
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