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Abstract: The pontic design may influence the load-to-failure performance of fixed implant-
supported screw-retained monolithic zirconia prostheses. This study aimed to evaluate the
effect of pontic geometry on the fracture resistance of such restorations. Forty restorations
were designed using dental CAD software and divided into four groups (n = 10 each):
(A) Flat + Wide—pontics with a flat contour, 10 mm in width and 8 mm in height;
(B) Concave + Wide—pontics with a concave contour, 10 mm in width and 5.5 mm in
height; (C) Flat + Narrow—pontics with a flat contour, 6 mm in width and 8 mm in
height; and (D) Concave + Narrow—pontics with a concave contour, 6 mm in width and
5.5 mm in height. All specimens underwent thermal and mechanical cycling, followed by
a fracture load test using a three-point bending setup. Maximum fracture loads and dis-
placements were analyzed using one-way ANOVA. Statistically significant differences were
observed among the groups for both load to failure (p = 0.001) and displacement (p = 0.002).
These findings indicate that pontic geometry significantly influences the fracture resistance
and deformation behavior of monolithic zirconia prostheses.

Keywords: implant-supported protheses; pontic; fracture resistance; displacement;
monolithic zirconia; bending test

1. Introduction
The field of implantology has evolved significantly in recent years, as dental implants

have become the treatment of choice for replacing missing teeth, with predictable results [1].
Currently, patients demand esthetics, as this is associated with youth and beauty, and this
desire persists over time due to medical advances and increased life expectancy. Moreover,
a natural smile, based on a harmonious combination of teeth, soft tissues, and other oral
structures, contributes to attractiveness [2].

The use of implants has shown a success rate of between 96.7% and 100% for single
immediate implants, with an average follow-up of 29 months, meaning it is frequently
performed as a first-choice treatment [3]. However, the anterior maxillary sector is considered
a challenge, as clinicians may encounter peri-implant soft tissue complications, which can
lead to unesthetic outcomes [4]. Fortunately, several alternatives exist for replacing lost teeth,
including removable prostheses or fixed options such as implants or crowns and bridges on
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natural teeth. However, dental implants offer advantages that other options do not provide,
such as bone maintenance, preservation of adjacent structures, and greater comfort [5–8].

Nevertheless, complications related to abutments can affect esthetics, with a bluish-gray
halo often compromising the overall esthetic outcome. Currently, ceramic materials are pre-
ferred for the fabrication of implant abutments [9]. These materials exhibit good resistance to
occlusal forces in the anterior region, although less so than titanium abutments. Specifically,
zirconium oxide possesses favorable mechanical, optical, and biological properties [10]. As a
result, zirconia has become established as one of the most widely used materials in restorative
dentistry, particularly for implant-supported prostheses. Zirconia has gained popularity in
dental restorations due to its superior mechanical properties, biocompatibility, and esthetics,
which closely resemble those of natural teeth. Additionally, its applications range from single
crowns to bridges and full-arch frameworks, offering a reliable solution for both natural tooth
and implant restorations. As technology advances, with innovations such as CAD/CAM and
3D printing, the precision and efficiency of zirconia restorations have improved, although the
long-term longevity of these treatments remains under evaluation [11]. Moreover, the fabri-
cation of these structures, whether zirconia or metal, has transitioned into a digital process.
Specifically, esthetic prostheses on implants using zirconia are designed and manufactured
digitally with dental CAD/CAM technology, ensuring prostheses that are both aesthetically
and functionally precise while minimizing errors in a highly predictable manner [12].

Furthermore, zirconia is becoming an increasingly popular restorative material in
restorative dentistry [13] due to its esthetic potential, natural appearance, high resistance,
white color, translucency, biocompatibility, and suitability for patients allergic to metal [14].
Simple contact tests can also be performed to evaluate the mechanical integrity of zirconia
dental ceramics, assessing hardness, identifying critical variations in material properties,
and quantifying damage in different crown areas [15]. Additionally, zirconia crowns are
preferable to stainless-steel crowns in terms of gingival health; primary posterior teeth
restored with zirconia crowns have demonstrated better gingival health and a 52% lower
risk of clinical failure compared to those restored with stainless-steel crowns [16].

At room temperature, zirconia exists in its monoclinic phase. However, when heated to
1170 ◦C or exposed to low-temperature degradation (LTD) conditions, it transforms into the
tetragonal phase [17]. With further temperature increases to 2370 ◦C, or under processes such as
aging or hydrothermal degradation, the material progressively reverts to the monoclinic phase.

Achieving a strong bond between the zirconia restoration and the tooth is crucial for
the longevity of the prosthetic restoration [18,19]. To ensure proper adhesion with the
luting cement, zirconia requires surface treatment, typically through acid etching, to create
surface roughness and enhance bonding [20].

There is substantial background that underscores the importance of fracture resistance
and displacement in implant-supported prostheses. Given the occlusal forces exerted
on prostheses during mastication, the ability of zirconia to withstand these mechanical
stresses without fracturing is critical for the long-term success of restorations. The fracture
resistance of zirconia has been extensively studied, and while it offers superior strength
compared with other ceramics, ensuring the optimal performance under varying clinical
conditions remains a key concern in prosthodontics. Specifically, zirconia is considered
the hardest among the various restorative materials used in dentistry [17]. Its flexural
strength and hardness far exceed those of other materials employed in dental restorations.
Conventional zirconia also demonstrates superior biaxial flexural strength compared with
high-translucent monolithic zirconia [20]. Moreover, the fracture toughness of 5Yttria
(Y)-tetragonal zirconia polycrystal (TZP) (5 mol% Y-TZP) is approximately 50% lower than
that of 3Y-TZP (3 mol% Y-TZP), primarily due to the higher yttria content, which increases
the cubic phase proportion [21]. According to a recent study by Liao et al. (2023), the flexu-
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ral strength values were 584 (±158) MPa for 3Y-TZP and 373 (±104) MPa for 5Y-TZP [22].
However, a more in-depth analysis of the mechanical aspects, challenges, and considera-
tions related to zirconia-based fixed dental prostheses is recommended. Factors such as the
material’s resistance to tensile and flexural stress, the potential chipping of the veneering
ceramic, and the effects of connector design and thickness on the overall prosthesis strength
are crucial in determining the long-term success of these restorations. Additionally, ensur-
ing the fit and stability of zirconia prostheses on implant abutments is essential to prevent
micromovements and avoid mechanical complications, further highlighting the need for a
comprehensive understanding of these parameters.

Although fully ceramic crowns offer excellent biocompatibility and aesthetic appear-
ance, they may be more prone to fracture. Additionally, the mechanical properties of
monolithic zirconia as a restorative material are superior, potentially preventing fractures
caused by chewing hard foods [23]. Moreover, monolithic zirconia crowns have shown no
detectable adverse effects on periodontal tissues, and wear on opposing teeth is minimal,
demonstrating good potential for short-term clinical application in posterior tooth restora-
tions [24]. It is also important to evaluate whether surface treatments and cement selection
for traditional zirconia or lithium disilicate crowns influence their fracture load. Another
crucial aspect is assessing the clinical and radiographic effectiveness of zirconia crowns
compared to stainless-steel crowns in the rehabilitation of primary posterior teeth [25,26].

Pjetursson et al. conducted a systematic review and meta-analysis to evaluate and com-
pare the 5- and 10-year survival rates of various tooth-supported and implant-supported fixed
dental prostheses (FDPs) and single crowns (SCs), as well as to identify the occurrence of
biological and technical complications. They reported a 5-year survival rate of 93.8% for con-
ventional tooth-supported FDPs, 95.2% for implant-supported FDPs, and 94.5% for implant-
supported SCs. After 10 years, the survival rate decreased to 89.2% for conventional FDPs,
86.7% for implant-supported FDPs, and 89.4% for implant-supported SCs.

Despite the high survival rates, 38.7% of patients with implant-supported FDPs experi-
enced complications after 5 years, compared to 15.7% for conventional FDPs. Biological issues,
such as caries and pulp vitality loss, were the most common complications in conventional
tooth-supported FDPs. Technical complications were more frequent in implant-supported
FDPs and included fractures of veneering materials (e.g., ceramic fractures or chipping),
abutment or screw loosening, and retention loss [27]. Additionally, in a study using the finite
element method, Chander et al. found no statistically significant differences in stress distribu-
tion between tooth-supported and implant-supported FDPs when considering various connec-
tor widths, cuspal inclinations, and force angulations [28]. However, Luft et al. reported that
the cross-sectional geometry of the connector significantly influenced the mechanical fatigue
resistance of implant-supported fixed partial prostheses made of monolithic zirconia [29].

The aim of this study was to evaluate and compare the influences of the geometric
designs of pontics on the load to failure and displacement of fixed, implant-supported,
screw-retained monolithic zirconia prostheses. The null hypothesis (H0) stated that there
would be no differences in load to failure and displacement based on the geometric design
of the pontics in fixed, implant-supported, screw-retained monolithic zirconia prostheses.

2. Material and Methods
2.1. Study Design

A randomized in vitro study was conducted at the Department of Surgery, University
Alfonso X el Sabio (Madrid, Spain), and the Faculty of Medicine and Dentistry, University of
Valencia (Valencia, Spain), between September 2022 and October 2023. Moreover, this study
received approval from the Ethics Committee of the Faculty of Health Sciences, University
Alfonso X el Sabio (Madrid, Spain), in October 2022 (Process No. 18/2022).
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2.2. Experimental Procedure

Eighty dental implants with a diameter of 4.6 mm and a length of 12 mm, featuring
conical walls and an internal taper (Ref.: TLX4612, BioHorizons, Birmingham, AL, USA),
were embedded in pairs into an epoxy resin material (Exakto-Form®, Bredent, Senden,
Germany) to simulate the mechanical loading properties of bone tissue (flexural strength
[DIN 53452]: 50 N/mm2; E-modulus [DIN 53452]: 3900 N/mm2). The operator was
required to place the dental implants (Ref.: TLX4612, BioHorizons, Birmingham, AL, USA)
with a 6 mm inter-implant distance [30], using a positioning template to ensure parallelism
between each pair of dental implants and to standardize the insertion depth into the
epoxy resin material (Exakto-Form®, Bredent, Senden, Germany). Subsequently, digital
impressions were taken using an intraoral scanner (True Definition, 3M ESPE™, Saint Paul,
MN, USA) after placing scan bodies (Ref.: 80610156, BioHorizons, Birmingham, AL, USA).

Afterwards, forty fixed, implant-supported, screw-retained monolithic zirconia restorations
(Lava™ Esthetic, 3M™, Saint Paul, MN, USA) were digitally designed using dental planning
software (EXOCAD 3.1, Darmstadt, Germany), simulating four different pontic designs (Fig-
ure 1A–H) in a prosthetic framework corresponding to tooth positions 1.4 to 1.6 (Figure 2A–F).
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Figure 1. (A) Buccal and (B) occlusal views of the geometric design of the pontic of the fixed implant-
supported and screw-retained monolithic zirconia restorations with 10 mm buccolingual width and
8 mm height with a flat occlusal surface. (C) Buccal and (D) occlusal views of the geometric design
of the pontic of the fixed implant-supported and screw-retained monolithic zirconia restorations
with 10 mm buccolingual width and 5.5 mm height with a flat occlusal surface. (E) Buccal and
(F) occlusal views of the geometric design of the pontic of the fixed implant-supported and screw-
retained monolithic zirconia restorations with 6 mm buccolingual width and 8 mm height with a
flat occlusal surface. (G) Buccal and (H) occlusal views of the geometric design of the pontic of the
fixed implant-supported and screw-retained monolithic zirconia restorations with 6 mm buccolingual
width and 5.5 mm height with a flat occlusal surface.
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Figure 2. (A) Buccal view of the buccolingual, (B) mesio-distal, and (C) occluso-cervical dimensions
of the molar teeth, and (D) buccal view of the buccolingual, (E) mesio-distal, and (F) occuso-cervical
dimensions of the premolar teeth of the fixed implant-supported and screw-retained monolithic
zirconia restorations.

The geometric designs of the pontic of the fixed implant-supported and screw-retained
monolithic zirconia restorations (Lava™ Esthetic, 3M™, MN, USA) were randomly dis-
tributed (Epidat 4.1, Galicia, Spain) into the following study groups: Group A: buccolin-
gual width: 10 mm and height: 8 mm with a flat occlusal surface (n = 10) (Flat + Wide);
group B: buccolingual width: 10 mm and height: 5.5 mm with a concave occlusal surface
(n = 10) (Concave + Wide); group C: buccolingual width: 6 mm and height: 8 mm with
flat occlusal surface (n = 10) (Flat + Narrow), and group D: buccolingual width: 6 mm and
height: 5.5 mm with a concave occlusal surface (n = 10) (Concave + Narrow).

Next, the fixed implant-supported and screw-retained monolithic zirconia restora-
tions (Lava™ Esthetic, 3M™, MN, USA) were manufactured using computer-aided
design/computer-aided manufacturing (CAD-CAM) with a titanium base abutment mea-
suring 4.5 mm in height (Ref. PGHYBN, BioHorizons, Birmingham, AL, USA). Specifically,
the fixed implant-supported and screw-retained monolithic zirconia restorations were
milled (VHF S 5) using a bit sequence as follows: ball diameters 2 × 17 and 1 × 17,
flat milling cutter diameter 1.2 × 15, and ball diameter 0.6 × 8. Afterwards, all zirconia
restorations were sintered in a program that completes 3 to 6 pieces in 676 min with a
temperature increase in ramps, as recommended by the manufacturer, up to a maximum
temperature of 1550 ◦C with slow cooling and, finally, glazing. The monolithic zirconia
restorations (Lava™ Esthetic, 3M™, MN, USA) were screwed in place according to the
manufacturer’s recommended torque load (30 Ncm) using a digital torque gauge (BTGE-G,
Tohnichi America, Buffalo Grove, IL, USA).

2.3. Thermal and Mechanical Cycling Fatigue

The passive fit of the prosthesis was analyzed before mechanical testing by a single
operator (Á.Z.-M.). The experimental groups underwent both thermal and mechanical
cycling. The restorations were subjected to thermal fatigue using a Thermocycling TC-
3 device (SD Mechatronik, Feldkirchen-Westerham, Germany), and were immersed in
distilled water for 43 cycles per hour over the course of one day, totaling 6000 thermal
cycles. The temperature was varied between 5 and 55 ◦C, with a 30-second dwell time for
each cycle [31].
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Mechanical cycling was induced using a masticatory simulator (SD Mechatronik,
Masticatory Simulator CS-4, Mechatronik GmbH, Feldkirchen, Germany), which applied a
load of 80 N [32] for 240,000 masticatory cycles. The load was applied axially to the center
of the occlusal surface of the pontic, with a vertical displacement of 2 mm at a frequency of
2 Hz and a speed of 40 mm/s, using a point of contact [33].

2.4. Fracture Load Test

After the fatigue simulation, all specimens underwent a bending test until fracture
using a universal testing machine (UTM) (Shimadzu® AG-100 KN, Shimadzu Corporation,
Kyoto, Japan) at a crosshead speed of 0.5 mm/s (ME 405/10, SERVOSIS, Madrid, Spain).
The machine was equipped with a 5000 N load cell and operated at room temperature
(23 ± 1 ◦C). The force was applied vertically downward, perpendicular to the occlusal
plane, simulating masticatory forces. Axial compressive loads were applied using a cone-
shaped stainless-steel bar with a rounded tip, which was attached to the UTM. Specifically,
the stainless-steel bar had a diameter of 1 mm and exerted a point contact of 1 mm on the
contact surface of the samples, while the alumina ball of the static machine had a diameter
of 4 mm. This customized load piston was placed perpendicularly at the center of the
occlusal surface, making contact only with the restorative material, until the specimen
fractured (Figure 3A,D). Fracture was identified by a sharp decrease in the stress plot.
The force applicator, an aluminum ball, was positioned at the center of the occlusal surface
of the pontic. The results were recorded using the inbuilt software (PCD2K, SERVOSIS 1.0),
and force (N)–displacement (mm) curves were automatically generated. The maximum
force (N) and maximum displacement (mm) sustained by the specimens until fracture
occurred were recorded [34].
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Figure 3. (A) Flat + Wide, (B) Concave + Wide, (C) Flat + Narrow, and (D) Concave + Narrow fixed
implant-supported and screw-retained monolithic zirconia restorations fractured by a static load after
the bending test.

2.5. Statistical Tests

Forty fixed implant-supported and screw-retained monolithic zirconia restorations
were included in this study to ensure a power effect of 0.8 for detecting statistically signifi-
cant differences. Student’s t-test of two independent samples was used to evaluate the null
hypothesis H0: µ1 = µ2, with a significance level of 0.05.
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A table was generated with the summary statistics for each response variable according
to the group: number of observations, mean, median, standard deviation, and the minimum
and maximum values. These were graphically represented using a box plot.

Normality tests were performed using the Shapiro–Wilk test. For variables with
a normal distribution, the comparison of means between groups was performed using
analysis of variance (ANOVA). If statistically significant differences between groups were
detected, pairwise comparisons were performed, and p-values were adjusted using the
Tukey method to correct for type I error. Statistical analysis was performed using SAS
software v9.4 (SAS Institute Inc., Cary, NC, USA). Statistical decisions were based on a
significance level of 0.05.

3. Results
3.1. Load to Failure

Normality tests of the load-to-failure (N) values were performed using the Shapiro–Wilk
test (Table 1).

Table 1. Test for normality for the load-to-failure (N) values.

Tests for Normality

Test Statistic p-Value

Shapiro–Wilk W 0.98 p 0.719

The means and SD values for the load to failure (N) according to the geometric design
of the pontics of fixed implant-supported and screw-retained monolithic zirconia prostheses
are displayed in Table 2.

Table 2. Descriptive statistics of the load to failure (N) according to the geometric design of the
pontics of fixed implant-supported and screw-retained monolithic zirconia prostheses.

Study Group n Mean SD Minimum Maximum

Concave + Wide 10 2217.09 129.40 2003.53 2417.63
Flat + Narrow 10 1458.33 798.13 521.28 2376.41

Flat + Wide 10 2259.75 519.70 1539.07 3281.16
Concave + Narrow 10 1486.56 397.26 960.86 2015.05

SD: standard deviation.

ANOVA showed statistically significant differences (p = 0.001) between the load to
failure (N) of Concave + Wide (2217.09 ± 129.40 N), Flat + Narrow (1458.33 ± 798.13 N),
Flat + Wide (2259.75 ± 519.70 N), and Concave + Narrow (1486.56 ± 397.26 N) geometric
designs of the pontics of fixed implant-supported and screw-retained monolithic zirconia
prostheses (Table 1 and Figure 4).

Differences were found between the two wide groups (higher values) and the two
narrow groups (lower values).

Additionally, fractographic analysis was performed with a scanning electron micro-
scope (Phenom XL Desktop SEM, Thermo Fisher Scientific, Waltham, MA, USA, Figure 5).
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3.2. Displacement Resistance

Normality tests of the displacement (mm) values were performed using the Shapiro–
Wilk test (Table 3).
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Table 3. Test for normality for the displacement (mm) values.

Tests for Normality

Test Statistic p-Value

Shapiro–Wilk W 0.96 p 0.242

The means and SD values for the displacement (mm) according to the geometric
design of the pontics of fixed implant-supported and screw-retained monolithic zirconia
prostheses are displayed in Table 4 and Figure 6.

Table 4. Descriptive statistics of the displacement (mm) according to the geometric design of the
pontics of fixed implant-supported and screw-retained monolithic zirconia prostheses.

Study Group n Mean SD Minimum Maximum

Concave + Wide 10 0.80 0.09 0.69 0.97
Flat + Narrow 10 0.55 0.25 0.26 0.94

Flat + Wide 10 0.83 0.09 0.68 0.95
Concave + Narrow 10 0.79 0.10 0.69 0.95

SD: standard deviation.

Figure 6. Box plots of the displacement (mm) according to the geometric design of the pontics of
fixed implant-supported and screw-retained monolithic zirconia prostheses. The horizontal line in
each box represents the median value.

ANOVA showed statistically significant differences (p = 0.002) between the displacement
(mm) of Concave + Wide (0.80 ± 0.09 mm), Flat + Narrow (0.55 ± 0.25 mm), Flat + Wide
(0.83 ± 0.09 mm), and Concave + Narrow (0.79 ± 0.10 mm) geometric designs of the pontics
of fixed implant-supported and screw-retained monolithic zirconia prostheses, especially
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between Concave + Narrow and Flat + Narrow (p = 0.0014), between Concave + Wide and
Flat + Narrow (p = 0.0018), and between Flat + Narrow and Flat + Wide (p = 0.0003) (Figure 3).

Briefly, the geometric design of the Flat + Wide pontics demonstrated a superior
performance compared to the Concave + Wide, Concave + Narrow, and Flat + Narrow
designs, based on the displacement (mm) of fixed implant-supported and screw-retained
monolithic zirconia prostheses.

4. Discussion
The results presented in this study allowed us to reject the null hypothesis (H0),

which stated that the geometric design of the pontics would produce no differences in the
load to failure and displacement of fixed implant-supported and screw-retained monolithic
zirconia prostheses.

This study showed that the differences in load to failure among the Concave + Wide
(2217.09± 129.40 N), Flat + Narrow (195,768.33± 30,291.62 N), Flat + Wide (2259.75 ± 519.70 N),
and Concave + Narrow (97,467.38 ± 303,361.94 N) geometric designs of pontics for fixed
implant-supported and screw-retained monolithic zirconia prostheses were not statistically
significant. On the contrary, Luft et al. assessed the load-bearing capacity under fatigue of
implant-supported fixed partial prostheses made of monolithic zirconia with various connector
cross-sectional geometries (round, square with rounded angles, or trapezoidal with rounded
angles). They reported that the geometry of the connector cross-section significantly impacted
the mechanical fatigue performance of implant-supported fixed partial prostheses made from
monolithic zirconia, concluding that the connector cross-sectional geometry significantly affects
the mechanical fatigue resistance of fixed implant-supported monolithic zirconia prostheses,
especially round connectors [34]. More in line with our findings, Muhsin et al. conducted
a finite element study to analyze the stress–deformation behavior of a metal, fixed, partial
denture pontic under different loads, using two types of connectors. They found that the
stress and deformation patterns on the pontic occlusal surface were similar under various
loads, regardless of whether square or round connectors were used. Yet, they observed that,
with the same connector designs, the pontic occlusal surface experienced more significant
deformation at three specific loaded points compared to each individual point [35]. In the
present study, all the fixed implant-supported prostheses were designed and manufactured
with a similar anatomical design (including connectors), except for the geometric design of
the pontics. Therefore, the differences in fracture resistance among the study groups were not
statistically significant.

The parameters used in the thermal and mechanical cycling fatigue procedure were
established according to ISO standard parameters [34] and based on previous studies,
which included artificial aging procedures (cyclic loading and thermocycling) to reproduce
the conditions to which restorations are subjected in the oral environment (mechanical
stress and temperature changes) [33,36–48]. Most suggest that in vitro studies should
include fatigue procedures to analyze the fracture resistance of new ceramic materials,
as these may experience a decrease in fracture resistance due to degradation from the
repeated application of thermal stress on prosthetic restorations [37,41,42].

Kohorst and Iljima reported decreases in fracture resistance of 40% and 54–64%, respectively,
when compared to the static load of zirconia restorations or abutments [45,49]. The applied
load was 80 N, which is similar to the force used by Rosentritt [50] and represents a conven-
tional occlusal force. This load is within the range of forces recorded clinically, which vary
between 12 and 70 N. The clinical relevance of applying lower physiological forces (30–49 N)
is questionable, as forces applied to incisors range from 40 to 370 N. Studies using lower force
intensities [38,45,50,51] may not provide results directly applicable to daily clinical practice.
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In 2015, Gehrke conducted a study using the same machine to test the fatigue resistance
and thermal cycling as the one in our study. In their research, they subjected all specimens
to dynamic loading for 120,000 cycles, applying 100 N of force about 2 mm below the incisal
edge, as well as 1000 thermal cycles. All specimens survived the dynamic fatigue phase
without any fractures or delaminations in the crowns [49].

The displacement recorded by the customized load piston of the universal testing
machine was assumed to result from the deflection of the fixed implant-supported and
screw-retained monolithic zirconia prostheses. This parameter can be used to measure
the elastic modulus of the materials [52], and Mahmood et al. reported that the fracture
load of fixed implant-supported restorations can be influenced by the elastic modulus of
the abutment [53]. Scherrer and Rijk suggested that the fracture resistance of all-ceramic
crowns decreases with higher values of elastic modulus [54], as a higher elastic modulus
indicates a stiffer material, which deforms less when subjected to a given force.

This relationship between load to failure and displacement was confirmed in the
present study. The Flat + Narrow geometric design of the pontics exhibited the low-
est values for load to fracture (1458.33 ± 798.13 N) and displacement (0.55 ± 0.25 mm),
followed by Concave + Narrow (1486.56 ± 397.26 N; 0.79 ± 0.10 mm), Concave + Wide
(2217.09 ± 129.40 N; 0.79 ± 0.10 mm), and Flat + Wide (2259.75 ± 519.70 N; 0.79 ± 0.10 mm).

Previous studies related to the fracture resistance of implant-supported restorations
manufactured by CAD-CAM procedures have highlighted the influence of the connector
design on the framework. Hadzhigaev et al. suggested that the distal connector is the
weakest area of a three-unit, all-ceramic fixed prosthesis in the posterior region [55]. In line
with this, the visual fractographic analysis conducted in the present study revealed that the
majority of fracture patterns across all study groups were related to the connectors of the
pontic. Additionally, the present study also assessed the displacement of the prostheses.
According to Ko et al., displacement from loading can generate high stress in the margin
area of the prosthesis, potentially leading to fracture and failure [56]. This underscores the
importance of analyzing displacement in relation to the pontic design. Even with high-stiffness
materials like monolithic zirconia, axial displacement could not be entirely prevented.

Furthermore, Gehrke et al. suggested that clinicians should be mindful of the interocclusal
space when designing implant-supported restorations, as a reduced space can influence the
prosthetic design, potentially leading to complications such as fracture or decementation of
coated zirconia crowns [57]. However, they did not report a significant decrease in fracture
resistance when the space for the prosthetic restoration was reduced [58]. Similarly, in the
present study, the concave restorations did not show a significant decrease in fracture resistance.

While CAD/CAM technology and 3D printing have improved the precision and
efficiency of dental prostheses fabrication, there is still no conclusive evidence demon-
strating a significant increase in the long-term survival of these treatments compared to
traditional methods [59]. For this reason, we designed a prosthetic framework simulating
tooth positions 1.4 to 1.6. Previous long-term studies have shown that prosthetic restora-
tions made with tetragonal yttria-stabilized zirconia and feldspathic ceramic coatings
achieved good durability results, particularly in the posterior region [60–62]. Additionally,
Refaie et al. reported that implant-supported restorations manufactured using monolithic
zirconia and titanium abutments exhibited high fracture resistance in posterior regions [63].
Therefore, monolithic zirconia was chosen as the material for this study.

Fixed and partial implant-supported monolithic zirconia restorations have demon-
strated predictable short-term survival rates (up to 5 years); however, there is insufficient
evidence regarding their medium-term survival (>5 years). Moreover, monolithic zirconia
restorations—both anterior and posterior—have shown a lower fracture rate compared to
layered restorations [64,65].
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This study provides novel insights obtained by investigating the specific impact of pontic
geometric design on the fracture resistance and displacement of fixed, implant-supported,
screw-retained monolithic zirconia prostheses, an area that has not been fully explored in
previous research. Unlike prior studies, this research compares different pontic designs
with varying widths and occlusal surfaces, offering a more comprehensive understanding
of how these geometric variations influence the mechanical behavior of zirconia prostheses.
By analyzing both fracture resistance and displacement under simulated masticatory condi-
tions, this study adds valuable data on the biomechanical performance of monolithic zirconia
restorations, which is crucial for optimizing prosthesis design in clinical practice. The study
introduces a new angle by focusing on the displacement of the pontic designs before fracture
occurs, providing evidence that the geometric configuration can significantly affect the overall
performance of implant-supported zirconia prostheses. In doing so, this research expands the
current literature by highlighting that although fracture resistance may not vary significantly,
the displacement behavior of different pontic designs can differ substantially, which could
inform future design choices for implant-supported prostheses.

This study has certain limitations typical of in vitro research on the material resistance
of implant prostheses. Specifically, replicating all patient-related factors that can affect the
prosthesis is challenging, making it difficult to directly apply the findings to real-world clinical
scenarios. Future investigations could benefit from comparing monolithic zirconia with other
materials featuring similar geometric designs on conventional implants, such as tissue-level
implants (with a divergent transmucosal neck) and bone-level implants (with convergent
abutments, both with and without prosthetic finish lines). This would help determine whether
the type of restorative material or the implant design influences the mechanical behavior of
the prosthesis–abutment–implant complex. Additionally, exploring the impact of connector
dimensions and shape on biomechanical stress, as well as testing other materials that can better
absorb the load without transmitting excessive stress to the attachments, is of great interest.

5. Conclusions
The results show that the geometric design of the pontics affects both the load to failure

and displacement of fixed implant-supported and screw-retained monolithic zirconia
prostheses. Chiefly, the Concave + Wide geometric design of pontics significantly influences
the displacement of these prostheses.

Author Contributions: Conceptualization, S.d.l.C.-J.; methodology, P.M.-A. and R.A.-P.; software,
J.F.-F., C.C.-L. and A.B.L.-G.; validation, Á.Z.-M. and J.F.-F. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration of
Helsinki, and approved by the Ethical Committee of the Faculty of Health Sciences, University Alfonso
X el Sabio (Madrid, Spain) on 28 October 2022 (Process No. 18/2022). All methods were carried out in
accordance with the International Organization for Standardization (number UNE-EN ISO 14801).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author due to the policy of the research team.

Acknowledgments: The authors would like to thank the ‘Microclusters of dental biomaterials’ at the
Department of Materials Technology, Polytechnic University of Valencia, VLC/CAMPUS Valencia
International Campus of Excellence (Spain) for its kind support of this trial. In addition, the authors
would like to thank Vicente Amigó Borrás for their invaluable help in this study.

Conflicts of Interest: The authors declare no conflicts of interest.



J. Funct. Biomater. 2025, 16, 76 13 of 15

References
1. Jung, R.E.; Zembic, A.; Pjetursson, B.E.; Zwahlen, M.; Thoma, D.S. Systematic review of the survival rate and the incidence of

biological, technical, and aesthetic complications of single crowns on implants reported in longitudinal studies with a mean
follow-up of 5 years. Clin. Oral. Implants Res. 2012, 23 (Suppl. 6), 2–21. [CrossRef] [PubMed]

2. Kokich, V.G.; Nappen, D.L.; Shapiro, P.A. Gingival contour and clinical crown lengththeir effect on the esthetic appearance of
maxillary anterior teeth. Am. J. Orthod. 1984, 86, 89–94. [CrossRef] [PubMed]

3. Thanissorn, C.; Guo, J.; Jing Ying Chan, D.; Koyi, B.; Kujan, O.; Khzam, N.; Miranda, L.A. Success Rates and Complications
Associated with Single Immediate Implants: A Systematic Review. Dent. J. 2022, 10, 31. [CrossRef] [PubMed]

4. Fischer, K.R.; Scaini, R.; Chackartchi, T.; Solderer, A.; Schmidlin, P.R.; Testori, T. Soft tissue-related complications around anterior
implants: Commentary and clinical checklist. Quintessence Int. 2023, 54, 302–318. [CrossRef]

5. Nakamura, K.; Kanno, T.; Milleding, P.; Ortengren, U. Zirconia as a dental implant abutment material: A systematic review.
Int. J. Prosthodont. 2010, 23, 299–309. [PubMed]

6. Sailer, I.; Philipp, A.; Zembic, A.; Pjetursson, B.E.; Hämmerle, C.H.; Zwahlen, M. A systematic review of the performance of
ceramic and metal implant abutments supporting fixed implant reconstructions. Clin. Oral. Implants Res. 2009, 20 (Suppl. 4), 4–31.
[CrossRef] [PubMed]

7. Bressan, E.; Tomasi, C.; Stellini, E.; Sivolella, S.; Favero, G.; Berglundh, T. Implant- supported mandibular overdentures:
A cross-sectional study. Clin. Oral. Implants Res. 2012, 23, 814–819. [CrossRef] [PubMed]

8. Hämmerle, C.H.; Jung, R.E.; Yaman, D.; Lang, N.P. Ridge augmentation by applying bioresorbable membranes and deproteinized
bovine bone mineral: A report of twelve consecutive cases. Clin. Oral. Implants Res. 2008, 19, 19–25. [CrossRef] [PubMed]

9. Prestipino, V.; Ingber, A. Esthetic high-strength implant abutments. Part I. J. Esthet. Dent. 1993, 5, 29–36. [CrossRef] [PubMed]
10. Kongkiatkamon, S.; Rokaya, D.; Kengtanyakich, S.; Peampring, C. Current classification of zirconia in dentistry: An updated

review. PeerJ 2023, 11, e15669. [CrossRef]
11. Bergler, M.; Holst, S.; Blatz, M.B.; Eitner, S.; Wichmann, M. CAD/CAM and telescopic technology: Design options for implant-

supported overdentures. Eur. J. Esthet. Dent. 2008, 3, 66–88. [PubMed]
12. De Angelis, P.; Gasparini, G.; Rella, E.; De Angelis, S.; Grippaudo, C.; D’Addona, A.; Manicone, P.F. Patient Satisfaction with

Implant-Supported Monolithic and Partially Veneered Zirconia Restorations. Biomed. Res. Int. 2021, 2021, 6692939. [CrossRef]
[PubMed]

13. Kongkiatkamon, S.; Booranasophone, K.; Tongtaksin, A.; Kiatthanakorn, V.; Rokaya, D. Comparison of fracture load of the four
translucent zirconia crowns. Molecules 2021, 26, 5308. [CrossRef] [PubMed]

14. Koutayasa, S.O.; Vagkopouloub, T.; Pelekanosc, S.; Koidisd, P.; Strube, J.R. Zirconia in dentistry: Evidence-based clinical
breakthrough. Eur. J. Esthet. Dent. 2009, 4, 348–380.

15. Zhang, Y.; Lawn, B.R. Evaluating dental zirconia. Dent. Mater. 2019, 35, 15–23. [CrossRef] [PubMed Central]
16. Kelly, N.; Lamont, T. Are zirconia crowns the superior choice when restoring primary posterior molars? Evid. Based Dent. 2022,

23, 72–73. [CrossRef] [PubMed]
17. Ban, S. Classification and Properties of Dental Zirconia as Implant Fixtures and Superstructures. Materials 2021, 14, 4879.

[CrossRef]
18. Araújo, A.M.M.; Januário, A.B.D.N.; Moura, D.M.D.; Tribst, J.P.M.; Özcan, M.; Souza, R.O.A. Can the Application of Multi-Mode

Adhesive be a Substitute to Silicatized/Silanized Y-TZP Ceramics? Braz. Dent. J. 2018, 29, 275–281. [CrossRef]
19. Heboyan, A.; Vardanyan, A.; Karobari, M.I.; Marya, A.; Avagyan, T.; Tebyaniyan, H.; Mustafa, M.; Rokaya, D.; Avetisyan, A.

Dental Luting Cements: An Updated Comprehensive Review. Molecules 2023, 28, 1619. [CrossRef]
20. Kontonasaki, E.; Rigos, A.E.; Ilia, C.; Istantsos, T. Monolithic Zirconia: An Update to Current Knowledge. Optical Properties,

Wear, and Clinical Performance. Dent. J. 2019, 7, 90. [CrossRef]
21. Belli, R.; Hurle, K.; Schürrlen, J.; Petschelt, A.; Werbach, K.; Peterlik, H.; Rabe, T.; Mieller, B.; Lohbauer, U. A revised relationship

between fracture toughness and Y2O3 content in modern dental zirconias. J. Eur. Ceram. Soc. 2021, 41, 7771–7782. [CrossRef]
22. Liao, Y.; Gruber, M.; Lukic, H.; McLees, J.; Chen, S.; Boghosian, A.; Megremis, S. Survey of the mechanical and physical behaviors

of yttria-stabilized zirconia from multiple dental laboratories. JADA Found. Sci. 2023, 2, 100018. [CrossRef]
23. Tang, Z.; Zhao, X.; Wang, H.; Liu, B. Clinical evaluation of monolithic zirconia crowns for posterior teeth restorations. Medicine

2019, 98, e17385. [CrossRef] [PubMed] [PubMed Central]
24. Batson, E.R.; Cooper, L.F.; Duqum, I.; Mendonça, G. Clinical outcomes of three different crown systems with CAD/CAM

technology. J. Prosthet. Dent. 2014, 112, 770–777. [CrossRef]
25. Lawson, N.C.; Jurado, C.A.; Huang, C.T.; Morris, G.P.; Burgess, J.O.; Liu, P.R.; Kinderknecht, K.E.; Lin, C.P.; Givan, D.A.

Effect of Surface Treatment and Cement on Fracture Load of Traditional Zirconia (3Y), Translucent Zirconia (5Y), and Lithium
DisilicateCrowns. J. Prosthodont. 2019, 28, 659–665. [CrossRef] [PubMed] [PubMed Central]

https://doi.org/10.1111/j.1600-0501.2012.02547.x
https://www.ncbi.nlm.nih.gov/pubmed/23062124
https://doi.org/10.1016/0002-9416(84)90300-2
https://www.ncbi.nlm.nih.gov/pubmed/6589961
https://doi.org/10.3390/dj10020031
https://www.ncbi.nlm.nih.gov/pubmed/35200256
https://doi.org/10.3290/j.qi.b3819543
https://www.ncbi.nlm.nih.gov/pubmed/20617217
https://doi.org/10.1111/j.1600-0501.2009.01787.x
https://www.ncbi.nlm.nih.gov/pubmed/19663946
https://doi.org/10.1111/j.1600-0501.2011.02225.x
https://www.ncbi.nlm.nih.gov/pubmed/21631597
https://doi.org/10.1111/j.1600-0501.2007.01407.x
https://www.ncbi.nlm.nih.gov/pubmed/17956571
https://doi.org/10.1111/j.1708-8240.1993.tb00741.x
https://www.ncbi.nlm.nih.gov/pubmed/8507510
https://doi.org/10.7717/peerj.15669
https://www.ncbi.nlm.nih.gov/pubmed/19655559
https://doi.org/10.1155/2021/6692939
https://www.ncbi.nlm.nih.gov/pubmed/33628810
https://doi.org/10.3390/molecules26175308
https://www.ncbi.nlm.nih.gov/pubmed/34500741
https://doi.org/10.1016/j.dental.2018.08.291
https://pmc.ncbi.nlm.nih.gov/articles/PMC6312728
https://doi.org/10.1038/s41432-022-0275-6
https://www.ncbi.nlm.nih.gov/pubmed/35750734
https://doi.org/10.3390/ma14174879
https://doi.org/10.1590/0103-6440201801862
https://doi.org/10.3390/molecules28041619
https://doi.org/10.3390/dj7030090
https://doi.org/10.1016/j.jeurceramsoc.2021.08.003
https://doi.org/10.1016/j.jfscie.2022.100018
https://doi.org/10.1097/MD.0000000000017385
https://www.ncbi.nlm.nih.gov/pubmed/31577743
https://pmc.ncbi.nlm.nih.gov/articles/PMC6783234
https://doi.org/10.1016/j.prosdent.2014.05.002
https://doi.org/10.1111/jopr.13088
https://www.ncbi.nlm.nih.gov/pubmed/31145492
https://pmc.ncbi.nlm.nih.gov/articles/PMC6642729


J. Funct. Biomater. 2025, 16, 76 14 of 15

26. Patnana, A.K.; Chugh, V.K.; Chugh, A.; Vanga, N.R.V.; Kumar, P. Effectiveness of zirconia crowns compared with stainless steel
crowns in primary posterior teeth rehabilitation: A systematic review and meta-analysis. J. Am. Dent. Assoc. 2022, 153, 158–166.e5.
[CrossRef] [PubMed]

27. Pjetursson, B.E.; Brägger, U.; Lang, N.P.; Zwahlen, M. Comparison of survival and complication rates of tooth-supported fixed
dental prostheses (FDPs) and implant-supported FDPs and single crowns (SCs). Clin. Oral. Implants Res. 2007, 18 (Suppl. 3),
97–113. [CrossRef]

28. Chander, N.G.; Reddy, D.R. Comparing the influence of cuspal angulation, occlusal loading, and connector widths between tooth-
and implant-supported zirconia fixed dental prosthesis. Med. J. Armed Forces India. 2024, 80, 442–448. [CrossRef]

29. Luft, R.L.; da Rosa, L.S.; Machado, P.S.; Valandro, L.F.; Sarkis-Onofre, R.; Pereira, G.K.R.; Bacchi, A. Influence of connector
cross-sectional geometry on the load-bearing capacity under fatigue of implant-supported zirconia fixed partial prosthesis.
J. Prosthet. Dent. 2022, 128, 1335.e1–1335.e8. [CrossRef]

30. Selva-Otaolaurruchi, E.J.; Fernández-Estevan, L.; Solá-Ruiz, M.F.; García-Sala-Bonmati, F.; Selva-Ribera, I.; Agustín-Panadero, R.
Graphene-Doped Polymethyl Methacrylate (PMMA) as a New Restorative Material in Implant-Prosthetics: In Vitro Analysis of
Resistance to Mechanical Fatigue. J. Clin. Med. 2023, 12, 1269. [CrossRef]

31. Rosentritt, M.; Behr, M.; van der Zel, J.M.; Feilzer, A.J. Approach for valuating the influence of laboratory simulation. Dent. Mater.
2009, 25, 348–352. [CrossRef] [PubMed]

32. Spitznagel, F.A.; Hoppe, J.S.; Bonfante, E.A.; Campos, T.M.B.; Langner, R.; Gierthmuehlen, P.C. Failure Load and Fatigue Behavior
of Monolithic and Bi-Layer Zirconia Fixed Dental Prostheses Bonded to One-Piece Zirconia Implants. Materials 2022, 15, 8465.
[CrossRef] [PubMed]

33. García-Sala Bonmatí, F.; Bustamante-Hernández, N.; Alonso Pérez-Barquero, J.; Maneiro-Lojo, J.; Fons-Badal, C.; Labaig-Caturla,
C.; Fernández-Estevan, L.; Agustín-Panadero, R. Implant-Supported Fixed Partial Dentures with Posterior Cantilevers: In Vitro
Study of Mechanical Behavior. Materials 2023, 16, 6805. [CrossRef]

34. Marchetti, E.; Ratta, S.; Mummolo, S.; Tecco, S.; Pecci, R.; Bedini, R.; Marzo, G. Evaluation of an endosseous oral implant system
according to UNI EN ISO 14801 fatigue test protocol. Implant Dent. 2014, 23, 665–671. [CrossRef]

35. Muhsin, S.A.; Mohammed, E.K.; Bander, K. Finite Element Analysis: Connector Designs and Pontic Stress Distribution of Fixed
Partial Denture Implant-Supported Metal Framework. J. Long. Term. Eff. Med. Implants 2024, 34, 33–47. [CrossRef]

36. Jung, Y.G.; Peterson, I.M.; Kim, D.K.; Lawn, B.R. Lifetime-limiting strength degradation from contact fatigue in dental ceramics.
J. Dent. Res. 2000, 79, 722–731. [CrossRef]

37. Strub, J.R.; Gerds, T. Fracture strength and failure mode of five different single-tooth implant-abutment combinations.
Int. J. Prosthodont. 2003, 16, 167–171.

38. Attia, A.; Kern, M. Influence of cyclic loading and luting agents on the fracture load of two all-ceramic crown systems.
J. Prosthet. Dent. 2004, 92, 551–556. [CrossRef]

39. Sundh, A.; Molin, M.; Sjögren, G. Fracture resistance of yttrium oxide partially-stabilized zirconia all-ceramic bridges after
veneering and mechanical fatigue testing. Dent. Mater. 2005, 21, 476–482. [CrossRef]

40. Zhang, Y.; Lawn, B.R.; Malament, K.A.; Van Thompson, P.; Rekow, E.D. Damage accumulation and fatigue life of particle-abraded
ceramics. Int. J. Prosthodont. 2006, 19, 442–448.

41. Studart, A.R.; Filser, F.; Kocher, P.; Gauckler, L.J. Fatigue of zirconia under cyclic loading in water and its implications for the
design of dental bridges. Dent. Mater. 2007, 23, 106–114. [CrossRef] [PubMed]

42. Kohorst, P.; Dittmer, M.P.; Borchers, L.; Stiesch-Scholz, M. Influence of cyclic fatigue in water on the load-bearing capacity of
dental bridges made of zirconia. Acta Biomater. 2008, 4, 1440–1447. [CrossRef] [PubMed]

43. Nothdurft, F.P.; Doppler, K.E.; Erdelt, K.J.; Knauber, A.W.; Pospiech, P.R. Influence of artificial aging on the load-bearing capability
of straight or angulated zirconia abutments in implant/tooth-supported fixed partial dentures. Int. J. Oral. Maxillofac. Implants.
2010, 25, 991–998. [PubMed]

44. Nothdurft, F.P.; Doppler, K.E.; Erdelt, K.J.; Knauber, A.W.; Pospiech, P.R. Fracture behavior of straight or angulated zirconia
implant abutments supporting anterior single crowns. Clin. Oral. Investig. 2011, 15, 157–163. [CrossRef]

45. Kohorst, P.; Borchers, L.; Strempel, J.; Stiesch, M.; Hassel, T.; Bach, F.W.; Hübsch, C. Low-temperature degradation of different
zirconia ceramics for dental applications. Acta Biomater. 2012, 8, 1213–1220. [CrossRef]

46. Iijima, T.; Homma, S.; Sekine, H.; Sasaki, H.; Yajima, Y.; Yoshinari, M. Influence of surface treatment of yttria-stabilized tetragonal
zirconia polycrystal with hot isostatic pressing on cyclic fatigue strength. Dent. Mater. J. 2013, 32, 274–280. [CrossRef]

47. Spies, B.C.; Sauter, C.; Wolkewitz, M.; Kohal, R.J. Alumina reinforced zirconia implants: Effects of cyclic loading and abutment
modification on fracture resistance. Dent. Mater. 2015, 31, 262–272. [CrossRef]

48. Gehrke, P.; Johannson, D.; Fischer, C.; Stawarczyk, B.; Beuer, F. In vitro fatigue and fracture resistance of one- and two-piece
CAD/CAM zirconia implant abutments. Int. J. Oral. Maxillofac. Implants. 2015, 30, 546–554. [CrossRef]

49. Rosentritt, M.; Siavikis, G.; Behr, M.; Kolbeck, C.; Handel, G. Approach for valuating the significance of laboratory simulation.
J. Dent. 2008, 36, 1048–1053. [CrossRef]

https://doi.org/10.1016/j.adaj.2021.08.005
https://www.ncbi.nlm.nih.gov/pubmed/35086644
https://doi.org/10.1111/j.1600-0501.2007.01439.x
https://doi.org/10.1016/j.mjafi.2023.10.004
https://doi.org/10.1016/j.prosdent.2022.10.008
https://doi.org/10.3390/jcm12041269
https://doi.org/10.1016/j.dental.2008.08.009
https://www.ncbi.nlm.nih.gov/pubmed/18829097
https://doi.org/10.3390/ma15238465
https://www.ncbi.nlm.nih.gov/pubmed/36499960
https://doi.org/10.3390/ma16206805
https://doi.org/10.1097/ID.0000000000000151
https://doi.org/10.1615/JLongTermEffMedImplants.2023048378
https://doi.org/10.1177/00220345000790020501
https://doi.org/10.1016/j.prosdent.2004.09.002
https://doi.org/10.1016/j.dental.2004.07.013
https://doi.org/10.1016/j.dental.2005.12.008
https://www.ncbi.nlm.nih.gov/pubmed/16473402
https://doi.org/10.1016/j.actbio.2008.04.012
https://www.ncbi.nlm.nih.gov/pubmed/18501690
https://www.ncbi.nlm.nih.gov/pubmed/20862414
https://doi.org/10.1007/s00784-009-0377-y
https://doi.org/10.1016/j.actbio.2011.11.016
https://doi.org/10.4012/dmj.2012-247
https://doi.org/10.1016/j.dental.2014.12.013
https://doi.org/10.11607/jomi.3942
https://doi.org/10.1016/j.jdent.2008.09.001


J. Funct. Biomater. 2025, 16, 76 15 of 15

50. Mühlemann, S.; Truninger, T.C.; Stawarczyk, B.; Hämmerle, C.H.; Sailer, I. Bending moments of zirconia and titanium implant
abutments supporting all-ceramic crowns after aging. Clin. Oral. Implants Res. 2014, 25, 74–81. [CrossRef]

51. Butz, F.; Heydecke, G.; Okutan, M.; Strub, J.R. Survival rate, fracture strength and failure mode of ceramic implant abutments
after chewing simulation. J. Oral. Rehabil. 2005, 32, 838–843. [CrossRef] [PubMed]

52. Homaei, E.; Farhangdoost, K.; Tsoi, J.K.H.; Matinlinna, J.P.; Pow, E.H.N. Static and fatigue mechanical behavior of three dental
CAD/CAM ceramics. J. Mech. Behav. Biomed. Mater. 2016, 59, 304–313. [CrossRef] [PubMed]

53. Mahmood, D.J.; Linderoth, E.H.; Vult Von Steyern, P. The influence of support properties and complexity on fracture strength and
fracture mode of all-ceramic fixed dental prostheses. Acta Odontol. Scand. 2011, 69, 229–237. [CrossRef] [PubMed]

54. Scherrer, S.S.; de Rijk, W.G. The fracture resistance of all-ceramic crowns on supporting structures with different elastic moduli.
Int. J. Prosthodont. 1993, 6, 462–467. [PubMed]

55. Hadzhigaev, V.; Vlahova, A.; Mitov, G.; Zlatev, S. Fracture resistance of 3-unitmonolithic ZrO2 ceramics FPDs with different
preparation designs ofthe distal abutment—An in-vitro study. Folia Med. 2023, 65, 251–259. [CrossRef] [PubMed]

56. Ko, K.H.; Huh, Y.H.; Park, C.J.; Cho, L.R. Effect of materials on axial displacement and internal discrepancy of cement-retained
implant-supported prostheses. J. Prosthet. Dent. 2022, 127, 462–469. [CrossRef]

57. Gonzaga, C.C.; Garcia, P.P.; Wambier, L.M.; Prochnow, F.H.O.; Madeira, L.; Cesar, P.F. Dotooth-supported zirconia restorations
present more technical failures related to fracture or loss of retention? Systematic review and meta-analysis. Clin. Oral. Investig.
2022, 26, 5129–5142. [CrossRef] [PubMed]

58. Gehrke, S.A.; Bonachela, W.C.; Lopes Moreno, J.M.; Orlato Rossetti, P.H.; Cortellari, G.C.; Dedavid, B.A.; Calvo-Guirado, J.L.
Zirconium Oxide Three-Unit Fixed Partial Denture Frameworks Supported by Dental Implants in Acceptable and Reduced
Interocclusal Space Possibilities: Pilot In Vitro Fracture Strength and Fractographic Analyses. Int. J. Oral. Maxillofac. Implants.
2019, 34, 337–342. [CrossRef] [PubMed]

59. Kihara, H.; Sugawara, S.; Yokota, J.; Takafuji, K.; Fukazawa, S.; Tamada, A.; Hatakeyama, W.; Kondo, H. Applications of
three-dimensional printers in prosthetic dentistry. J. Oral. Sci. 2021, 63, 212–216. [CrossRef]

60. Leitão, C.I.M.B.; Fernandes, G.V.O.; Azevedo, L.P.P.; Araújo, F.M.; Donato, H.; Correia, A.R.M. Clinical performance of monolithic
CAD/CAM tooth-supported zirconia restorations: Systematic review and meta-analysis. J. Prosthodont. Res. 2022, 66, 374–384.
[CrossRef]

61. Honda, J.; Komine, F.; Kusaba, K.; Kitani, J.; Matsushima, K.; Matsumura, H. Fracture loads of screw-retained implant-supported
zirconia prostheses after thermal and mechanical stress. J. Prosthodont. Res. 2020, 64, 313–318. [CrossRef]

62. Matta, R.E.; Eitner, S.; Stelzer, S.P.; Reich, S.; Wichmann, M.; Berger, L. Ten-year clinical performance of zirconia posterior fixed
partial dentures. J. Oral. Rehabil. 2022, 49, 71–80. [CrossRef] [PubMed]

63. Refaie, A.; Bourauel, C.; Fouda, A.M.; Keilig, L.; Singer, L. The effect of cyclic loading on the fracture resistance of 3D-printed and
CAD/CAM milled zirconia crowns-an in vitro study. Clin. Oral. Investig. 2023, 27, 6125–6133. [CrossRef] [PubMed] [PubMed
Central]

64. Kim, W.; Li, X.C.; Bidra, A.S. Clinical outcomes of implant-supported monolithiczirconia crowns and fixed partial dentures:
A systematic review. J. Prosthodont. 2023, 32, 102–107. [CrossRef] [PubMed]

65. Sulaiman, T.A.; Abdulmajeed, A.A.; Delgado, A.; Donovan, T.E. Fracture rate of 188695lithium disilicate and zirconia ceramic
restorations after up to 7.5 years ofclinical service: A dental laboratory survey. J. Prosthet Dent. 2020, 123, 807–810. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1111/clr.12192
https://doi.org/10.1111/j.1365-2842.2005.01515.x
https://www.ncbi.nlm.nih.gov/pubmed/16202048
https://doi.org/10.1016/j.jmbbm.2016.01.023
https://www.ncbi.nlm.nih.gov/pubmed/26896763
https://doi.org/10.3109/00016357.2010.549508
https://www.ncbi.nlm.nih.gov/pubmed/21231816
https://www.ncbi.nlm.nih.gov/pubmed/8297457
https://doi.org/10.3897/folmed.65.e77442
https://www.ncbi.nlm.nih.gov/pubmed/37144310
https://doi.org/10.1016/j.prosdent.2020.08.044
https://doi.org/10.1007/s00784-022-04573-z
https://www.ncbi.nlm.nih.gov/pubmed/35660957
https://doi.org/10.11607/jomi.7009
https://www.ncbi.nlm.nih.gov/pubmed/30883616
https://doi.org/10.2334/josnusd.21-0072
https://doi.org/10.2186/jpr.JPR_D_21_00081
https://doi.org/10.1016/j.jpor.2019.09.003
https://doi.org/10.1111/joor.13276
https://www.ncbi.nlm.nih.gov/pubmed/34717003
https://doi.org/10.1007/s00784-023-05229-2
https://www.ncbi.nlm.nih.gov/pubmed/37615777
https://pmc.ncbi.nlm.nih.gov/articles/PMC10560138
https://pmc.ncbi.nlm.nih.gov/articles/PMC10560138
https://doi.org/10.1111/jopr.13575
https://www.ncbi.nlm.nih.gov/pubmed/35929416
https://doi.org/10.1016/j.prosdent.2019.06.011
https://www.ncbi.nlm.nih.gov/pubmed/31703926

	Introduction 
	Material and Methods 
	Study Design 
	Experimental Procedure 
	Thermal and Mechanical Cycling Fatigue 
	Fracture Load Test 
	Statistical Tests 

	Results 
	Load to Failure 
	Displacement Resistance 

	Discussion 
	Conclusions 
	References

