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Abstract

This study aimed to evaluate the fracture resistance and patterns of implant-supported 
frameworks with and without a titanium base (Ti-base), using different prosthetic screw 
designs, and to determine how firing cycles followed by thermomechanical aging affect 
fracture resistance. Implant-supported zirconia frameworks were fabricated and allocated 
to three main groups: Ti-base with conventional screws, direct-connection with flat-seat 
screws, and direct-connection with conical screws. Each main group was further divided 
into two subgroups (n = 10). The control subgroup (C) did not undergo firing cycles or ther-
momechanical aging, whereas the experimental subgroup (E) underwent three consecutive 
firing cycles to simulate clinical zirconia veneering, followed by thermomechanical aging 
consisting of 5000 thermocycles and 1,250,000 chewing cycles. Fracture resistance differed 
significantly between screw designs in the control and experimental groups (p = 0.006 and 
p < 0.001, respectively). The combined effect of firing cycles and thermomechanical aging 
did not significantly affect fracture resistance in Ti-base and conical screw designs, whereas 
the flat-seat screw design showed a significant increase (p = 0.002). The failure pattern 
involved frequent deformation of prosthetic screws and multi-unit abutments (MUAs) in 
direct-connection designs. In contrast, the Ti-base design prevents such deformation, a 
benefit not present in direct-connection designs.

Keywords: aging; dental implant-abutment design; fracture strength; implant-supported 
prosthesis

1. Introduction
Implant-supported fixed dental prostheses (ISFDPs) have become a highly success-

ful option for restoring missing teeth [1,2]. Although metal-ceramic restorations were 
considered the gold standard because of their favorable mechanical properties and long-
term clinical performance, computer-aided design and computer-aided manufacturing 
(CAD-CAM) have expanded the range of viable materials [3,4]. These technologies im-
prove accuracy in data acquisition, design, and manufacturing, particularly for monolithic 
zirconia frameworks, which have demonstrated encouraging clinical performance [2,4,5]. 
Recent studies indicate that zirconia-based ISFDPs offer reliable long-term outcomes [3–5]. 
These materials are increasingly popular because of their enhanced biocompatibility, high 
fracture strength, toughness, and precision [6,7]. However, zirconia’s inherent brittleness 
and stiffness can transfer stress to the prosthesis-implant complex, leading to biological and 
technical complications [8–10].
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In the posterior region, including molars and premolars, ISFDPs are required to with-
stand substantial masticatory forces to avoid mechanical failure [11–13]. Molars are sub-
jected to higher occlusal forces, ranging from 300 Newtons (N) to 800 N, while anterior teeth 
are exposed to forces between 80 N and 200 N [12,14,15]. In individuals with parafunctional 
habits, occlusal loads may reach up to 1000 N [12,14].

Implant-supported monolithic zirconia frameworks have shown high long-term sur-
vival rates, as many clinical and retrospective studies support [16,17]. They often remain 
functional and clinically acceptable despite minor technical complications, including chip-
ping of veneering ceramic, screw loosening, or non-catastrophic cracks [17]. Additional 
firing cycles during veneering and glazing, as well as exposure to thermomechanical cycling 
in simulated oral environments, can further influence the fracture resistance of zirconia 
frameworks [18–23]. Furthermore, failure modes and fracture patterns may differ for mono-
lithic zirconia frameworks and other materials, such as titanium. Thus, these factors can 
affect restorative material selection and long-term survival [8,24].

In abutment-level prostheses, titanium interfaces known as Ti-base are frequently 
utilized with zirconia restorations [25]. These interfaces are cemented to the superstructure 
prosthesis, and screws secure them to the multi-unit abutment (MUA). Recent innovations 
in CAD-CAM technology and prosthetic screw design have enabled monolithic materials, 
such as zirconia, to be used directly on the MUA, eliminating the need for a Ti-base. This 
approach can increase framework bulk around the prosthetic screw head, reduce interfaces, 
and lower material costs. However, using conventional Ti-base screws directly on MUA 
is not recommended because zirconia and titanium exhibit distinct mechanical behaviors 
and require a minimum material thickness at the connection. To address this, modified 
prosthetic screw designs, such as the DESS flat-seat screw (DESS® , Barcelona, Spain) and 
the Vortex conical screw (Louisiana Implant Dental Lab, Los Angeles, CA, USA), have been 
developed to maintain adequate zirconia thickness at the screw head and MUA connection. 
Although recent innovations have emerged, the fracture resistance of these framework 
designs has not been thoroughly studied. Evidence on direct-connection ISFDPs remains 
limited, and framework fractures continue to pose a significant risk.

This in vitro study aimed to investigate the fracture resistance of various implant-
supported framework interfaces, including Ti-base and zirconia direct-connections, using 
different prosthetic screw designs. Additionally, the study evaluated how additional firing 
cycles simulating the veneering process, followed by thermomechanical aging, affected 
fracture resistance. The study also assessed failure modes and fracture patterns at the frame-
work, prosthetic screw, MUA, and implant levels for the different framework connections. 
The null hypotheses were: there would be no significant differences in fracture resistance 
and fracture pattern between direct-connection and Ti-base connection designs; geometric 
variations among the three prosthetic screw designs and the amount of milled zirconia at 
the screw head would not affect fracture resistance; and the combined effect of additional 
firing cycles and thermomechanical aging would not influence fracture resistance.

2. Materials and Methods
2.1. Study Design and Ethical Approval

This in vitro experimental study evaluated the fracture resistance and fracture patterns 
of zirconia implant-supported fixed dental prostheses with different framework–abutment 
interfaces and prosthetic screw designs, with and without veneering firing cycles, and 
before and after thermomechanical aging. The study protocol was reviewed and approved 
by the College of Dentistry Research Center (CDRC), approval number PR0195.
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2.2. Sample Size
A power analysis was conducted using data from comparable in vitro studies. This 

calculation indicated that a minimum of 10 specimens per subgroup are required to achieve 
80% statistical power at a 95% confidence level (α = 0.05), assuming an effect size of 0.5. 
Accordingly, each subgroup in this study consisted of 10 specimens.

2.3. Specimen Preparation
2.3.1. Custom Mold Design and Fabrication

Table 1 lists all materials used throughout this study. To accommodate each three-
unit implant-supported fixed dental prosthesis (two premolars and one molar), a total 
of sixty 3D-printed resin molds were fabricated, with each mold measuring 35 mm in 
length, 20 mm in width, and 20 mm in depth (Figure 1a). A cylindrical rod with a 20 mm 
diameter was incorporated into the base of each mold to allow secure seating in the chewing-
simulation chamber holder. To ensure consistent vertical orientation of the implants across 
all specimens, the design also included a 3D-printed metal cover sized to match the mold, 
fitted with a flat vertical stop (Figure 1b,c). Horizontal implant positioning was standardized 
through a pair of centrally placed octagonal openings, set 16 mm apart, each shaped 
to receive the implant’s Loxim component (Loxim™ transfer piece, Straumann® , Basel, 
Switzerland) (Figure 1b,c). At a 2 mm metal thickness, this cover provided sufficient 
rigidity to securely support both the Loxim piece and the implant, keeping them stable 
throughout the embedding and mounting procedures (Figure 1c).

Table 1. Details of all materials utilized in the study.

Test Material Brand Manufacturer Composition

3D-printed resin SG 5.0 resin, Arum 
Dentistry

ARUM Dentistry Co., 
Ltd., Daejeon, Republic 

of Korea

Urethane dimethacrylate/UDMA, 
reactive monomers/TEGDMA-HEMA, 

photoinitiator, stabilizer, 
orange pigment.

3D-printed metal Audental SLM CoCr 
Dental Powder

Audental Bio-Material 
Co., Ltd., Shanghai, 

China

Co ~61.5%, Cr ~28.1%, Mo ~5.0%, W 
~5.3%

Implant Loxim Loxim™ transfer piece, 
Straumann

Straumann® , Basel, 
Switzerland -

Implant
Ø 4.1 mm × 10 mm, 
Bone Level, Regular 
CrossFit, Straumann

Straumann® , Basel, 
Switzerland Titanium

Acrylic resin Major.Ortho Major Ortho, Torino, 
Italy

Powder: Polymethylmethacrylate, 
benzoyl peroxide initiator, colorants.

Liquid: Methyl methacrylate monomer, 
tertiary amine/DMPT accelerator, 

hydroquinone stabilizer.

Multi-unit abutment
Ø 4.6 mm, Regular 
CrossFit, Gingival 

Height 1.5 mm

Straumann® , Basel, 
Switzerland Titanium

Titanium Variobase
Ø 4.6 mm × 4 mm 

Variobase®  for Bridge 
Cylindrical

Straumann® , Basel, 
Switzerland Titanium
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Table 1. Cont.

Test Material Brand Manufacturer Composition

Occlusal prosthetic 
screw

Occlusal screw, for 
coping, screw-retained 

abutment

Straumann® , Basel, 
Switzerland

Titanium
Head diameter: 2.2 mm, head length: 
1.5 mm, head base angle: 60°, thread 

length: 2.2 mm, thread type: M1.4, total 
screw length: 3.7 mm

Flat-seat prosthetic 
screw

DESS®  New Flat Seat 
Screw

DESS® , Barcelona, 
Spain

Titanium
Head diameter: 2.3 mm, head length: 
1.4 mm, head base angle: 0°, thread 

length: 2.7 mm, thread type: M1.4, total 
screw length: 4.1 mm

Conical prosthetic 
screw

Vortex™ Direct to MUA 
Screw

Louisiana Implant 
Dental Lab, Los 

Angeles, CA, USA

Titanium
Head diameter: 2.1 mm, head length: 
1.4 mm, head base angle: 14°, thread 

length: 2.8 mm, thread type: M1.4, total 
screw length: 4.2 mm

3Y Zirconia Cercon®  base Dentsply-Sirona, 
Hanau, Germany

ZrO2  ~92%, Y2 O3  5%, HfO2  2%, Al2 O3 
and SiO2  < 1%

Airborne particle 
abrasive Hera®  Corundum Kulzer GmbH, Hanau, 

Germany 50 μm, Aluminum Oxide (Al2 O3 )

Primer Clearfil™ ceramic 
primer plus Kuraray, Tokyo, Japan 3-MPS, 10-MDP, Ethanol

Universal 
Self-Adhesive Resin 

Cement
Calibra®  Universal Dentsply-Sirona, 

Milford, DE, USA

Base and catalyst: UDMA, TEGDMA, 
TMPTMA, HEMA, and Bis-EMA, with 

inorganic filler; catalyst also 
contains PENTA.

Figure 1. Custom-designed specimen mold fabrication components: (a) 3D-printed custom resin 
mold with specified dimensions; (b) 3D-printed custom metal cover with octagonal openings; (c) fully 
seated Loxim transfer pieces attached to implants; (d) cross-sectional view of the mounting assembly 
with embedded implants.

2.3.2. Implants Mounting Procedure
Implants (Ø 4.1 mm × 10 mm, Bone Level Tapered, Regular CrossFit, Straumann® , 

Basel, Switzerland) were attached to the Loxim and the cover mold (Figure 1c). Following 
the manufacturer’s mixing protocol, clear acrylic resin (Major Ortho, Torino, Italy) was 
prepared and poured into the resin mold. With the implants still attached, the metal cover 
was seated onto the mold to ensure the implants were fully embedded in the acrylic resin 
(Figure 1d). The resin was allowed to cure for at least 24 h to ensure complete polymerization. 
The metal cover was subsequently detached once curing was complete, and the mold was 
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cleaned of any leftover resin. This process was performed a total of sixty times to obtain the 
complete sample set.

2.4. CAD-CAM Framework Fabrication
2.4.1. Framework Design

A straight multi-unit abutment (Regular CrossFit, Ø 4.6 mm, gingival height 1.5 mm; 
Straumann® , Basel, Switzerland) was selected for each implant and torqued into place 
using a digital torque gauge (Mark-10 MTT03; Mark-10, New York, NY, USA). To allocate 
the three-dimensional position of each abutment within the virtual model, multi-unit scan 
bodies (DESS® , Barcelona, Spain) were seated over the two MUAs and scanned using a 
Ceramill Map 600+ scanner (Amann Girrbach, Koblach, Austria). The resulting standard 
tessellation language (STL) files were imported into exocad DentalCAD v3.2 software 
(exocad GmbH, Darmstadt, Germany). Superimposition of the scanned images verified 
scan-body positioning and orientation, enabling accurate registration of each abutment’s 
3D coordinates within the digital model (Figure 2a). Based on these coordinates, frame-
works were designed as a 3-unit prosthesis with a connecting bar measuring 4 mm in both 
thickness and height (Figure 2b). Zirconia marginal thickness was standardized among 
all groups at 0.4 mm; a uniform framework thickness of 1 mm at the screw-head junction 
was adopted among all direct-connection screw design groups to maintain consistency in 
zirconia thickness. This value was dictated by the digital library for the flat-seat screw, 
which accommodates only a single, fixed thickness of 1 mm. In contrast, the conical screw 
design library permits a variable thickness ranging from 0.8 to 1.4 mm (Figure 2c,d,e).

Figure 2. Specimen scanning and framework design: (a) scanned scan bodies and image superim-
position in software to create a digital workflow model; (b) designed frameworks on the digital 
workflow model; (c) cross-sectional view of flat-seat screw design showing the thickness of zirconia 
material underlying the screw head; (d) cross-sectional view of conical screw design showing the 
thickness of zirconia material underlying the screw head; (e) cross-sectional view of superimposed 
two direct-connection designs showing the thickness difference of zirconia material underlying the 
screw head.

2.4.2. Framework Fabrication
Zirconia frameworks were fabricated from 3 mol% yttria-stabilized zirconia blanks 

(Cercon®  base, Dentsply-Sirona, Hanau, Germany) using a 5-axis milling unit (Ceramill 
Mikro 5X, Amann Girrbach, Koblach, Austria), then sintered for 6 h at 1350 °C to achieve full 
strength. Frameworks in subgroup E underwent three sequential firing cycles to replicate 
the clinical veneering workflow: veneering firing at 780 °C, correction or adjustment firing at 
770 °C, and final glaze firing at 750 °C. These cycles were conducted in a Programat P710 G2 
furnace (Ivoclar Vivadent, Schaan, Liechtenstein) according to the manufacturer’s protocol 
for Celtra Ceram (Dentsply Sirona, Hanau, Germany). In the Ti-base group, titanium-base 
abutments (Ø 4.6 × 4 mm, Variobase®  for Bridge/Bar Cylindrical Coping; Straumann® , 
Basel, Switzerland) were bonded to the zirconia frameworks following the established 
bonding protocol [26,27]. The outer surface of the Ti-base and the internal surface of the 
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zirconia framework were sandblasted with 50 μm Al2 O3  (Corundum; Kulzer GmbH, Hanau, 
Germany) at 2 bar pressure from a distance of 10 mm for 10 s. Specimens were cleaned 
with 96% ethanol for 1 min, then air-dried. Clearfil ceramic primer plus (Kuraray Dental, 
Tokyo, Japan) was applied to the air-abraded zirconia and Ti-base surfaces. The zirconia 
framework was bonded to the corresponding Ti-base using Calibra Universal self-adhesive 
resin cement (Dentsply Sirona, Milford, DE, USA). Excess cement was removed from the 
interface with a dry microbrush. Oxyguard II (Kuraray Dental, Tokyo, Japan) was applied 
to the interface. Resin cement was then polymerized on each of the four sides for 20 s 
using a Demi Plus visible-light polymerization device (Kerr Corp., Brea, CA, USA). In 
direct-connection groups, frameworks were seated directly onto the multi-unit abutments 
with their corresponding screws (Figure 3a,b,c). Laboratory screws were used throughout 
specimen fabrication.

Figure 3. Screw designs and framework views: (a) Ti-base group with conventional screw; (b) Direct-
connection group with flat-seat screw design; (c) Direct-connection group with conical screw design.

2.4.3. Prosthetic Screw Groups Allocation
The specimens were allocated into three groups: zirconia frameworks with Ti-base con-

nection using a conventional screw (Figure 3a), zirconia frameworks with direct-connection 
using a flat-seat screw head design (DESS® , Barcelona, Spain) (Figure 3b), and zirconia 
frameworks with direct-connection using a conical screw head design (Louisiana Implant 
Dental Lab, Los Angeles, CA, USA) (Figure 3c).

Each group consisted of two subgroups: an experimental group that underwent three 
firing cycles followed by thermomechanical aging (subgroup E), and a control group that 
was not exposed to firing cycles or thermomechanical aging (subgroup C), as shown in 
Figure 4. Specimens of each group were randomly allocated to the subgroups.

2.5. Framework Seating, Fit Verification, and Torquing
The MUA of each specimen was torqued to 35 Ncm per manufacturer specifications 

using a digital torque gauge (Mark-10 MTT03; Mark-10, New York, NY, USA), with a 
confirmation torque of 35 Ncm applied after 10 min. Frameworks of each specimen were 
seated, and the passive fit was assessed using a 1-screw Sheffield test and imaged with a 
NeoScan N70 μCT scanner (Neoscan BV, Mechelen, Belgium) to verify passive framework 
seating before further evaluation. Then, new prosthetic screws were introduced and torqued 
to 15 Ncm per manufacturer specifications using a digital torque gauge (Mark-10 MTT03; 
Mark-10, New York, NY, USA). A confirmation torque of 15 Ncm was applied after 10 min.
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Figure 4. Schematic flowchart illustrating the distribution of prosthetic screw design groups and 
outlining the study workflow.

2.6. Thermomechanical Aging Process
After fabrication, specimens were subjected to thermocycling in a THE-1100 thermocy-

cler (SD Mechatronik, Feldkirchen-Westerham, Germany) for 5000 cycles between 5 °C and 
55 °C, with a 30 s dwell at each temperature and a 5 s transfer interval. Mechanical loading 
followed, using a four-station, dual-axis chewing simulator (Robota, AD-TECH Technology 
Co., Leinfelden-Echterdingen, Germany) for 1,250,000 cycles at 200 N (Figure 5a). The 
simulator features upper and lower crossbeams connected by two motor shafts: one controls 
the vertical movement of the upper crossbeam, which holds four antagonists, and the other 
controls the horizontal movement of the lower crossbeam, which holds four specimen 
chambers. Adjustable disk weights on guide rails allow the upper crossbeam to move freely 
vertically. Antagonist contact was achieved using a corrosion-resistant stainless steel (V4A) 
indenter with an 8 mm rounded tip. Loading parameters included a cycle frequency of 1.6 
Hz, 2 mm vertical displacement, and 1 mm horizontal displacement. The load was applied 
vertically to the center of each framework along the implant’s long axis, with the specimen 
mold seated centrally in each crossbeam chamber (Figure 5c). Every 250,000 cycles, spec-
imens were inspected for damage, such as cracks, fractures, or screw loosening, using a 
digital camera stereomicroscope (RaySmart Technology Co., Ltd., Shenzhen, China) at 20×
magnification and a manual tactile motion check.
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Figure 5. Experimental procedures: (a) Cyclic loading performed with a dual-axis chewing simulator. 
(b) Static load fracture performed with a universal testing machine. (c) Illustration of the mechanical 
testing assembly shows that the indenter forces act vertically towards the center of the framework, 
and the sample is self-centered in the machine holder through the extension.

2.7. Fracture Load Test
After thermomechanical aging, framework specimens, prosthetic screws, and MUAs 

were inspected under a digital camera stereomicroscope at 20× magnification for cracks, 
thread delamination, or deformation. As no failures were observed, the same MUAs and 
prosthetic screws were retorqued to the corresponding torque value. All specimens that 
were exposed to thermomechanical aging, along with the remaining unexposed subgroup 
C, were tested for ultimate fracture load. This was done by applying a compressive vertical 
load along the implant axis until failure, using a MultiTest 2.5-i universal testing machine 
(Mecmesin Ltd., Slinfold, West Sussex, UK). A stainless-steel loading device with a 5 mm 
round tip was positioned at the midpoint of the zirconia framework. To ensure consistency, a 
custom positioning device was calibrated for each specimen holder to maintain an identical 
configuration prior to testing (Figure 5c). The testing load was a traditional load-to-failure 
test, using a static load that increased incrementally (1 mm/min in the vertical direction 
toward the frameworks) until fracture occurred (Figure 5b). The maximum load-to-fracture 
values were recorded in N using an Emperor™ Force software program (Mecmesin Ltd., 
Slinfold, West Sussex, UK) that captured the peak fracture loads for each specimen. Failure 
was defined as a sharp decrease in the force applied to the framework, as measured by the 
testing machine.

Post-test examination of all samples was conducted using a digital camera stereomicro-
scope (RaySmart Technology Co., Ltd., Shenzhen, China) at ×20 magnification to identify 
any catastrophic failures. Failure patterns were defined as follows: framework fracture at 
margin; prosthetic screw or MUA fracture; prosthetic screw or MUA deformation; frame-
work separation from the substructure (with deformation); framework separation from the 
substructure (without deformation); implant fracture; and implant deformation.

2.8. Statistical Analysis
Data were collected and analyzed using IBM SPSS Statistics v26. Normality was 

assessed with the Shapiro–Wilk test, confirming a normal distribution. Results were re-
ported as mean and standard deviation. Independent-samples t-tests evaluated differences 
between groups before and after thermomechanical aging. One-way ANOVA assessed 
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differences among groups within the same time interval, followed by Tukey’s post hoc test 
to determine significance.

3. Results
Zirconia frameworks in both control (C) and experimental (E) groups exhibited sig-

nificantly different mean fracture load values among the three prosthetic screw designs 
(p = 0.006 and p < 0.001, respectively), as shown in Table 2. In the control groups, the 
conical screw design recorded the highest mean fracture load (2070.87 ± 182.28 N), followed 
by the Ti-base screw design (1845.86 ± 267.68 N), and the flat-seat screw design exhibited 
the lowest mean value (1748.97 ± 158.61 N). Following firing cycles and thermomechanical 
cycling in the experimental groups, the conical screw design again yielded the highest mean 
fracture load (2121.24 ± 165.59 N), with the flat-seat screw design recording a substantially 
increased mean (1957.75 ± 78.08 N) and the Ti-base screw design demonstrating the lowest 
mean value (1740.37 ± 60.37 N).

Table 2. Fracture load (N) of zirconia framework groups among prosthetic screw designs.

Groups M ± SD Min Max
95% CI p-Value *Lower Upper

C
Ti-base screw (n = 10) 1845.86 ± 267.68 1492.30 2385.40 1654.37 2037.34

0.006Flat-seat screw (n = 10) 1748.97 ± 158.61 1410.80 1926.40 1635.50 1862.34
Conical screw (n = 10) 2070.87 ± 182.28 1703.20 2336.00 1940.47 2201.26

E
Ti-base screw (n = 10) 1740.37 ± 60.37 1637.80 1864.70 1697.17 1783.56

<0.001Flat-seat screw (n = 10) 1957.75 ± 78.08 1817.80 2108.30 1901.89 2013.60
Conical screw (n = 10) 2121.24 ± 165.59 1766.90 2351.60 2002.78 2239.69

C, control group; E, experimental group; M ± SD, mean and standard deviation; Min, minimum; 
Max, maximum; 95% CI, 95% confidence interval of the mean. * p-value was significant at p < 0.05 for 
one-way ANOVA test.

Table 3 compares control and experimental groups within each screw design. For 
the Ti-base screw design, fracture load did not differ significantly between control and 
experimental conditions (p = 0.252). Similarly, the conical screw design showed no sig-
nificant change after firing and thermomechanical cycling (p = 0.526). In contrast, the 
flat-seat screw design showed a statistically significant increase in fracture load after firing 
and thermomechanical cycling (p = 0.002), with experimental specimens exhibiting higher 
fracture resistance than their control counterparts.

Table 3. Comparison of fracture load (N) between control and experimental zirconia framework 
groups among prosthetic screw designs.

C
M ± SD (n = 10)

E
M ± SD (n = 10)

95% CI t p-Value *Lower Upper

Ti-base screw (n = 10) 1845.86 ± 267.68 1740.37 ± 60.37 −88.08 299.06 1.216 0.252
Flat-seat screw (n = 10) 1748.97 ± 158.61 1957.75 ± 78.08 −326.23 −91.32 −3.734 0.002
Conical screw (n = 10) 2070.87 ± 182.28 2121.24 ± 165.59 −213.98 113.24 −0.647 0.526

C, control group; E, experimental group; M ± SD, mean and standard deviation; 95% CI, 95% 
confidence interval of the mean difference. * p-value was significant at p < 0.05 for Independent-
samples t-test.

Post hoc comparisons identified the specific pairwise differences that drove the sig-
nificant ANOVA results, as shown in Table 4. In the control condition, the only statis-
tically significant difference was between the flat-seat screw and conical screw designs 
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(MD = −321.90 N; p = 0.005), with the conical screw design showing a significantly higher 
fracture load. In the control condition, the difference between the Ti-base screw and flat-seat 
screw designs (p = 0.558), as well as between the Ti-base screw and conical screw designs 
(p = 0.057), did not reach statistical significance. In the experimental condition, the Ti-base 
screw design showed a significantly lower fracture load than both the flat-seat screw design 
(MD = −217.38 N; p < 0.001) and the conical screw design (MD = −380.87 N; p < 0.001). 
The flat-seat screw design also showed a significantly lower fracture load than the conical 
screw design (MD = −163.49 N; p = 0.008).

Table 4. Post hoc comparison of fracture load (N) of zirconia framework groups among prosthetic 
screw designs.

Groups MD Std. Error p-Value * 95% CI
Lower Upper

C Ti-base screw
Flat-seat screw 96.8900 93.1088 0.558 −133.9658 327.7458
Conical screw −225.0100 93.1088 0.057 −455.8658 5.8458

Flat-seat screw Conical screw −321.9000 93.1088 0.005 −552.7558 −91.0442

E Ti-base screw
Flat-seat screw −217.3800 49.7750 <0.001 −340.7932 −93.9668
Conical screw −380.8700 49.7750 <0.001 −504.2832 −257.4568

Flat-seat screw Conical screw −163.4900 49.7750 0.008 −286.9032 −40.0768
* p-value was significant at p < 0.05.

Table 5 and Figures 6–8 present the failure patterns observed in the zirconia frameworks 
of the control and experimental groups among the three screw designs. Prosthetic screw 
deformation was frequent in most flat-seat and conical designs, but occurred in only one 
screw in the Ti-base design. However, the extent of screw deformation ranged from slight 
delamination of the screw thread to screw threads bending. Prosthetic screw fracture 
occurred infrequently among all groups, with the highest incidence in direct-connection 
designs. MUA deformation affected all specimens in the flat-seat and conical designs but 
was absent in the Ti-base design.

Figure 6. Failure patterns of the Ti-base screw design: (a) Framework fracture at the pontic and 
margin; (b) prosthetic screw deformation.

Table 5. Failure patterns of zirconia framework groups among prosthetic screw designs.

Groups Framework
Fracture at Margin

Ti-Base 
Debonding

Prosthetic Screw
Deformation

Prosthetic Screw 
Fracture

MUA
Deformation

Ti-base screw (C) 7/10 0/10 1/10 0/10 0/10
Ti-base screw (E) 5/10 0/10 0/10 0/10 0/10

Flat-seat screw (C) 10/10 - 9/10 1/10 10/10
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Table 5. Cont.

Groups Framework
Fracture at Margin

Ti-Base 
Debonding

Prosthetic Screw
Deformation

Prosthetic Screw 
Fracture

MUA
Deformation

Flat-seat screw (E) 10/10 - 8/10 2/10 10/10
Conical screw (C) 9/10 - 8/10 1/10 10/10
Conical screw (E) 8/10 - 8/10 1/10 10/10

C, control group; E, experimental group.

Figure 7. Failure patterns of the flat-seat screw design: (a) Framework fracture at the pontic and 
margin; (b) MUA deformation; (c) prosthetic screw deformation and fracture.

Figure 8. Failure patterns of the conical screw design: (a) Framework fracture at the pontic and 
margin; (b) MUA deformation; (c) prosthetic screw deformation and fracture.

4. Discussion
The results of this study support rejecting the first two null hypotheses: fracture load 

differed significantly between direct-connection design and the Ti-base design, and fracture 
load differed significantly between direct-connection frameworks based on screw head 
design and the amount of milled zirconia at the screw head seat. The third null hypothesis 
was partially rejected. Firing cycles followed by thermomechanical aging significantly 
influenced fracture load only in the flat-seat screw design.

The results indicate that the control conical direct-connection framework design had 
higher fracture resistance than the control Ti-base design, whereas in the experimental 
groups, both direct-connection framework designs exceeded the Ti-base design, with the 
effect being most observed in the conical screw design. Although this increase was not 
significant in the control groups, it was significant in the experimental groups. This outcome 
can be explained by the greater bulk thickness of the direct-connection frameworks at the 
screw head seat, resulting from the absence of the Ti-base, thereby enhancing occlusal 
load resistance. In this study, fracture resistance for the various frameworks ranged from 
1748.97 N to 2121.24 N. These values exceed physiologic maximum occlusal forces in 
the posterior region, which typically range from 300 to 800 N and can reach 1000 N in 
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patients with bruxism [12,14,15]. However, these observations have limited applicability to 
clinical situations because the study employed constant occlusal forces regarding magnitude, 
duration, application point, and angulation. Furthermore, the study did not account for 
variables inherent to the oral environment, such as saliva, the effects of biting hard objects, 
temperature fluctuations, bone quality, implant positioning and angulation, framework 
misfit, and screw preload loss.

The control direct-connection flat-seat screw design showed significantly lower fracture 
resistance than the control direct-connection conical design. This reduction likely results 
from the prosthetic screw head design and the extent of milling required at the screw 
channel and screw head seat. Specifically, the flat, wide screw head base requires more 
zirconia milling at the seat and channel to accommodate the screw, as previously illustrated 
in Figure 2e. In contrast, the tapered conical design maintains greater zirconia thickness at 
both the screw head seat and channel. However, after firing cycles and thermomechanical 
aging simulating clinical conditions, flat-seat zirconia showed increased fracture resistance, 
exceeding that of the Ti-base design and the physiologic biting forces.

The results indicate that firing cycles followed by thermomechanical aging did not 
significantly decrease fracture resistance in the Ti-base screw design, nor did they signifi-
cantly increase it in the conical screw design. However, the flat-seat screw design showed a 
significant increase. These findings suggest that additional firing cycles, which simulate 
zirconia veneering and staining procedures, did not significantly affect fracture resistance. 
Previous studies indicate that repeated zirconia firing increases the fracture resistance of 
veneered ceramics [20] and improves the framework’s mechanical properties, including 
phase transformation, hardness, and porosity [28–30]. These changes may hypothetically 
account for the increased load resistance observed in the experimental direct-connection 
designs. To confirm this explanation, fracture load should be assessed after firing cycles 
alone, without the influence of thermomechanical aging. Additionally, several studies have 
demonstrated that thermomechanical aging does not significantly affect fracture resistance 
of monolithic zirconia [30–33]. The observed decrease in fracture resistance in the experi-
mental Ti-base screw design may hypothetically be attributed to reduced bond strength 
between the zirconia framework and the titanium base due to thermomechanical aging, 
since bond strength was not the scope of the study and was not assessed. However, previous 
studies show that reduced bond strength can adversely affect fracture resistance [34–38].

Multiple comparisons between the two direct-connection designs showed that the 
conical direct-connection design had significantly higher fracture resistance than the flat-
seat designs in both the control and experimental conditions. As previously discussed, at a 
constant zirconia framework thickness, the conical screw design performs better because it 
preserves greater zirconia thickness at the screw head seat and channel than the flat-seat 
design. Therefore, when using flat-seat screw designs, it is recommended to increase the 
framework thickness at the margin and connector to compensate for the reduced thickness 
required by the screw head design.

Failure patterns varied between the Ti-base and direct-connection designs. In the Ti-
base, failures were mainly limited to the frameworks, with only one incidence of prosthetic 
screw deformation. No MUA deformation or prosthetic screw fracture was observed. In 
contrast, the direct-connection designs showed more frequent MUA and prosthetic screw 
deformation. Some prosthetic screws in these designs also showed prosthetic screw fracture. 
This variation in failure patterns is attributed to the Ti-base absorbing forces applied to the 
zirconia framework before they reach the prosthetic screws and MUAs. In direct-connection 
designs, forces are transmitted directly from the zirconia framework to the underlying 
structures, including the prosthetic screws and MUAs. Titanium can withstand higher 
occlusal forces than zirconia due to zirconia’s brittle nature [24]. Therefore, the Ti-base 
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prevents deformation of the prosthetic screw and MUA, a benefit not present in direct-
connection designs. Furthermore, because the Ti-base screw design fractured at a lower 
mean load than direct-connection designs, this reduced load resistance could be considered 
a failure pattern for the Ti-base design.

This study has several limitations. First, the in vitro design limits clinical relevance, as 
it does not incorporate biological variables such as saliva flow, bone density, or remodeling. 
Second, the study performed only static load testing after thermomechanical aging with 
one loading position, whereas progressive dynamic fatigue testing would better simulate 
clinical conditions and may provide more accurate predictions of clinical outcomes. Third, 
the study used a single standard specimen dimension, although variations in pontic design 
and margin thickness could affect the ultimate fracture force. Additionally, the study did 
not assess the effect of ceramic firing alone on fracture resistance and fracture pattern. The 
study also did not provide fractographic evidence. Microscopic examination would help 
assess fracture, crack initiation, and localized deformation. Further in vitro, in vivo, and 
clinical studies with longer follow-up, larger sample sizes, and varied conditions are needed 
to evaluate the feasibility of modified prosthetic screws.

5. Conclusions
Based on the results of this in vitro study, the following conclusion could be drawn:

• Direct-connection implant-supported zirconia frameworks showed significantly greater 
fracture resistance than Ti-base frameworks after thermomechanical aging. The modi-
fied conical screw design offered the highest fracture resistance.

• The combined effect of firing cycles and thermomechanical aging did not significantly 
influence fracture resistance in the Ti-base and modified conical screw design frame-
works; however, it significantly increased fracture resistance in the modified flat-seat 
screw design framework.

• Failure patterns varied by framework design. The Ti-base design shows no deformation 
in the prosthetic screw or MUA, whereas direct-connection designs transmit forces 
directly to the prosthetic screw and MUA, causing deformation.

Author Contributions: Conceptualization, A.A.M. and A.A.A.; methodology, A.A.M. and A.S.A.; 
software, A.A.M.; validation, A.A.A., A.S.A. and S.R.H.; formal analysis, A.A.M. and S.R.H.; investi-
gation, A.A.M. and A.S.A.; resources, A.A.A.; data curation, A.A.M. and S.R.H.; writing—original 
draft preparation, A.A.M. and A.S.A.; writing—review and editing, A.A.A. and S.R.H.; visualiza-
tion, A.A.M., A.S.A. and S.R.H.; supervision, A.S.A. and A.A.A.; project administration, A.A.M. and 
A.A.A.; funding acquisition, S.R.H. All authors have read and agreed to the published version of 
the manuscript.

Funding: This research was funded by Ongoing Research Funding Program (ORF-2026-950), King 
Saud University, Riyadh, Saudi Arabia.

Data Availability Statement: The data are available upon request by contacting the corresponding 
author through e-mail.

Acknowledgments: The authors appreciate the support from Ongoing Research Funding Program 
(ORF-2026-950), King Saud University, Riyadh, Saudi Arabia.

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

https://doi.org/10.3390/ma19214525

https://doi.org/10.3390/ma19214525


Materials 2026, 19, 4525 14 of 15

Abbreviations
The following abbreviations are used in this manuscript:

Ti-base Titanium base
C Control group
E Experimental group
MUAs Multi-unit abutments
ISFDPs Implant-supported fixed dental prostheses
CAD-CAM Computer-aided design and computer-aided manufacturing
N Newton
STL Standard tessellation language

References
1. Addy, L.D. An introduction to dental implants. Br. Dent. J. 2024, 236, 753–757. [CrossRef] [PubMed]
2. Pozzi, A.; Arcuri, L.; Fabbri, G.; Singer, G.; Londono, J. Long-term survival and success of zirconia screw-retained implant-

supported prostheses for up to 12 years: A retrospective multicenter study. J. Prosthet. Dent. 2023, 129, 96–108. [CrossRef] 
[PubMed]

3. Barootchi, S.; Askar, H.; Ravidà, A.; Gargallo-Albiol, J.; Travan, S.; Wang, H.L. Long-term Clinical Outcomes and Cost-Effectiveness 
of Full-Arch Implant-Supported Zirconia-Based and Metal-Acrylic Fixed Dental Prostheses: A Retrospective Analysis. Int. J. Oral 
Maxillofac. Implants 2020, 35, 395–405. [CrossRef] [PubMed]

4. Abdulmajeed, A.A.; Lim, K.G.; Närhi, T.O.; Cooper, L.F. Complete-arch implant-supported monolithic zirconia fixed dental 
prostheses: A systematic review. J. Prosthet. Dent. 2016, 115, 672–677.e1. [CrossRef] [PubMed]

5. Luo, J.; Zhang, Y.; Yu, Z.; Jiang, X.; Li, J.; Chen, B.; Di, P.; Lin, Y.; Zhang, Y. A retrospective single cohort study on the 5-13 
year clinical outcomes of implant-supported cross-arch fixed dental prostheses with monolithic zirconia-based frameworks. J. 
Prosthodont. 2025, 34, 365–375. [CrossRef] [PubMed]

6. Solá-Ruiz, M.F.; Leon-Martine, R.; Labaig-Rueda, C.; Selva-Otalaorrouchi, E.; Agustín-Panadero, R. Clinical outcomes of veneered 
zirconia anterior partial fixed dental prostheses: A 12-year prospective clinical trial. J. Prosthet. Dent. 2022, 127, 846–851. 
[CrossRef] [PubMed]

7. Ionescu, R.N.; Totan, A.R.; Imre, M.M.; Țâncu, A.M.C.; Pantea, M.; Butucescu, M.; Farcașiu, A.T. Prosthetic Materials Used for 
Implant-Supported Restorations and Their Biochemical Oral Interactions: A Narrative Review. Materials 2022, 15, 1016. [CrossRef] 
[PubMed] [PubMed Central]

8. Magne, P.; Silva, M.; Oderich, E.; Boff, L.L.; Enciso, R. Damping behavior of implant-supported restorations. Clin. Oral Implants 
Res. 2013, 24, 143–148. [CrossRef] [PubMed]

9. Rosentritt, M.; Schneider-Feyrer, S.; Behr, M.; Preis, V. In Vitro Shock Absorption Tests on Implant-Supported Crowns: Influence 
of Crown Materials and Luting Agents. Int. J. Oral Maxillofac. Implants 2018, 33, 116–122. [CrossRef] [PubMed]

10. Bijjargi, S.; Chowdhary, R. Stress dissipation in the bone through various crown materials of dental implant restoration: A 2-D 
finite element analysis. J. Investig. Clin. Dent. 2013, 4, 172–177. [CrossRef] [PubMed]

11. Komiyama, O.; Lobbezoo, F.; De Laat, A.; Iida, T.; Kitagawa, T.; Murakami, H.; Kato, T.; Kawara, M. Clinical management of 
implant prostheses in patients with bruxism. Int. J. Biomater. 2012, 2012, 369063. [CrossRef] [PubMed] [PubMed Central]

12. Nishigawa, K.; Bando, E.; Nakano, M. Quantitative study of bite force during sleep associated bruxism. J. Oral Rehabil. 2001, 28, 
485–491. [CrossRef] [PubMed]

13. Sailer, I.; Fehér, A.; Filser, F.; Gauckler, L.J.; Lüthy, H.; Hämmerle, C.H. Five-year clinical results of zirconia frameworks for 
posterior fixed partial dentures. Int. J. Prosthodont. 2007, 20, 383–388. [PubMed]

14. Jansen van Vuuren, L.; Broadbent, J.M.; Duncan, W.J.; Waddell, J.N. Maximum voluntary bite force, occlusal contact points and 
associated stresses on posterior teeth. J. R. Soc. N. Z. 2020, 50, 132–143. [CrossRef]

15. Ustrell-Barral, M.; Zamora-Olave, C.; Khoury-Ribas, L.; Rovira-Lastra, B.; Martinez-Gomis, J. Reliability, reference values and 
factors related to maximum bite force measured by the Innobyte system in healthy adults with natural dentitions. Clin. Oral 
Investig. 2024, 28, 620. [CrossRef] [PubMed] [PubMed Central]

16. Al-Tarawneh, S.; Thalji, G.; Shonberg, D.; Fayz, L.; Cooper, L. Retrospective Cohort Evaluation of Full-Arch Zirconia Implant-
Supported Fixed Prostheses. Int. J. Oral Maxillofac. Implants 2023, 38, 381–390. [CrossRef] [PubMed]

17. Papaspyridakos, P.; Sinada, N.; Ntovas, P.; Barmak, A.B.; Chochlidakis, K. Zirconia full-arch implant prostheses: Survival, 
complications, and prosthetic space dimensions with 115 edentulous jaws. J. Prosthodont. 2025, 34, 271–280. [CrossRef] [PubMed]

18. Spies, B.C.; Zhang, F.; Wesemann, C.; Li, M.; Rosentritt, M. Reliability and aging behavior of three different zirconia grades used 
for monolithic four-unit fixed dental prostheses. Dent. Mater. 2020, 36, e329–e339. [CrossRef] [PubMed]

https://doi.org/10.3390/ma19214525

https://doi.org/10.1038/s41415-024-7430-8
https://www.ncbi.nlm.nih.gov/pubmed/38789751
https://doi.org/10.1016/j.prosdent.2021.04.026
https://www.ncbi.nlm.nih.gov/pubmed/34187699
https://doi.org/10.11607/jomi.7833
https://www.ncbi.nlm.nih.gov/pubmed/32142577
https://doi.org/10.1016/j.prosdent.2015.08.025
https://www.ncbi.nlm.nih.gov/pubmed/26809220
https://doi.org/10.1111/jopr.13991
https://www.ncbi.nlm.nih.gov/pubmed/39655784
https://doi.org/10.1016/j.prosdent.2020.09.046
https://www.ncbi.nlm.nih.gov/pubmed/33495043
https://doi.org/10.3390/ma15031016
https://www.ncbi.nlm.nih.gov/pubmed/35160962
https://pmc.ncbi.nlm.nih.gov/articles/PMC8839238
https://doi.org/10.1111/j.1600-0501.2011.02311.x
https://www.ncbi.nlm.nih.gov/pubmed/22092518
https://doi.org/10.11607/jomi.5463
https://www.ncbi.nlm.nih.gov/pubmed/28518187
https://doi.org/10.1111/j.2041-1626.2012.00149.x
https://www.ncbi.nlm.nih.gov/pubmed/23172842
https://doi.org/10.1155/2012/369063
https://www.ncbi.nlm.nih.gov/pubmed/22701484
https://pmc.ncbi.nlm.nih.gov/articles/PMC3373074
https://doi.org/10.1046/j.1365-2842.2001.00692.x
https://www.ncbi.nlm.nih.gov/pubmed/11380790
https://www.ncbi.nlm.nih.gov/pubmed/17695869
https://doi.org/10.1080/03036758.2019.1691612
https://doi.org/10.1007/s00784-024-06014-5
https://www.ncbi.nlm.nih.gov/pubmed/39482396
https://pmc.ncbi.nlm.nih.gov/articles/PMC11527963
https://doi.org/10.11607/jomi.10022
https://www.ncbi.nlm.nih.gov/pubmed/37083903
https://doi.org/10.1111/jopr.13922
https://www.ncbi.nlm.nih.gov/pubmed/39136214
https://doi.org/10.1016/j.dental.2020.08.002
https://www.ncbi.nlm.nih.gov/pubmed/32948330
https://doi.org/10.3390/ma19214525


Materials 2026, 19, 4525 15 of 15

19. Sahebi, S.; Giti, R.; Sherafati, A. The effect of aging on the fracture resistance of different types of screw-cement-retained 
implant-supported zirconia-based restorations. PLoS ONE 2022, 17, e0270527. [CrossRef] [PubMed] [PubMed Central]

20. Hensel, J.; Reise, M.; Liebermann, A.; Buser, R.; Stawarczyk, B. Impact of multiple firings on fracture load of veneered zirconia 
restorations. J. Mech. Behav. Biomed. Mater. 2022, 130, 105213. [CrossRef] [PubMed]

21. Geminiani, A.; Chochlidakis, K.; Hosney, S.; Corsentino, G.; Ercoli, C. Effect of framework design and firing cycle on the success 
rate of bilayered zirconia crowns. Quintessence Int. 2019, 50, 30–39. [CrossRef] [PubMed]

22. Subaşı, M.G.; Demir, N.; Kara, Ö.; Ozturk, A.N.; Özel, F. Mechanical properties of zirconia after different surface treatments and 
repeated firings. J. Adv. Prosthodont. 2014, 6, 462–467. [CrossRef] [PubMed] [PubMed Central]

23. Dimitriadis, K.; Sfikas, A.K.; Kamnis, S.; Tsolka, P.; Agathopoulos, S. Influence of heat treatment on the microstructure and the 
physical and mechanical properties of dental highly translucent zirconia. J. Adv. Prosthodont. 2022, 14, 96–107. Erratum in J. Adv. 
Prosthodont. 2023, 15, 333. https://doi.org/10.4047/jap.2023.15.6.333. [CrossRef] [PubMed] [PubMed Central]

24. Atsu, S.; Erol, U. Marginal fit and fracture resistance of polyetheretherketone, zirconia, and titanium implant-supported prosthesis 
frameworks for a partially edentulous arch after thermomechanical aging. J. Prosthet. Dent. 2024, 131, 273–280. [CrossRef] 
[PubMed]

25. Al-Thobity, A.M. Titanium Base Abutments in Implant Prosthodontics: A Literature Review. Eur. J. Dent. 2022, 16, 49–55. 
[CrossRef] [PubMed] [PubMed Central]

26. Pitta, J.; Burkhardt, F.; Mekki, M.; Fehmer, V.; Mojon, P.; Sailer, I. Effect of airborne-particle abrasion of a titanium base abutment 
on the stability of the bonded interface and retention forces of crowns after artificial aging. J. Prosthet. Dent. 2021, 126, 214–221. 
[CrossRef] [PubMed]

27. Blatz, M.B.; Alvarez, M.; Sawyer, K.; Brindis, M. How to Bond Zirconia: The APC Concept. Compend. Contin. Educ. Dent. 2016, 
37, 611–617; quiz 618. [PubMed]

28. Ozdogan, A.; Tosun, B. Effects of repetitive firings on mechanical, optical, and phase formation changes of ceramic materials. J. 
Prosthet. Dent. 2024, 132, 230–240. [CrossRef] [PubMed]

29. Tang, X.; Nakamura, T.; Usami, H.; Wakabayashi, K.; Yatani, H. Effects of multiple firings on the mechanical properties and 
microstructure of veneering ceramics for zirconia frameworks. J. Dent. 2012, 40, 372–380. [CrossRef] [PubMed]

30. Xie, H.; Gu, Y.; Li, Q.; Qian, M.; Zhang, F.; Tay, F.R.; Chen, C. Effects of multiple firings on the low-temperature degradation of 
dental yttria-stabilized tetragonal zirconia. J. Prosthet. Dent. 2016, 115, 495–500. [CrossRef] [PubMed]

31. Alghazzawi, T.F.; Lemons, J.; Liu, P.R.; Essig, M.E.; Bartolucci, A.A.; Janowski, G.M. Influence of low-temperature environmental 
exposure on the mechanical properties and structural stability of dental zirconia. J. Prosthodont. 2012, 21, 363–369. [CrossRef] 
[PubMed]

32. Cotes, C.; Arata, A.; Melo, R.M.; Bottino, M.A.; Machado, J.P.; Souza, R.O. Effects of aging procedures on the topographic surface, 
structural stability, and mechanical strength of a ZrO2-based dental ceramic. Dent. Mater. 2014, 30, e396–e404. [CrossRef] 
[PubMed]

33. Sevilla, P.; Sandino, C.; Arciniegas, M.; Martínez-Gomis, J.; Peraire, M.; Gil, F.J. Evaluating mechanical properties and degradation 
of YTZP dental implants. Mater. Sci. Eng. C 2010, 30, 14–19. [CrossRef]

34. Sanal, F.A.; Kilinc, H. Do different sintering conditions influence bond. strength. between the resin. cements and a currently used 
esthetic zirconia? J. Adhes. Sci. Technol. 2020, 34, 1809–1822. [CrossRef]

35. Ahn, J.J.; Kim, D.S.; Bae, E.B.; Kim, G.C.; Jeong, C.M.; Huh, J.B.; Lee, S.H. Effect of Non-Thermal Atmospheric Pressure Plasma 
(NTP) and Zirconia Primer Treatment on Shear Bond Strength between Y-TZP and Resin Cement. Materials 2020, 13, 3934. 
[CrossRef] [PubMed] [PubMed Central]

36. Cao, Y.; Zhang, J.F.; Ou, X.; Zhang, B.; Chen, L.; Deng, X.H. The effects of four primers and two cement types on the bonding 
strength of zirconia. Ann. Transl. Med. 2022, 10, 248. [CrossRef] [PubMed] [PubMed Central]

37. Rigos, A.E.; Sarafidou, K.; Kontonasaki, E. Zirconia bond strength durability following artificial aging: A systematic review and 
meta-analysis of in vitro studies. Jpn. Dent. Sci. Rev. 2023, 59, 138–159. [CrossRef] [PubMed] [PubMed Central]

38. Hjerppe, J.; Perea-Lowery, L.; Lassila, L.V.J.; Vallittu, P.K. Effect of potassium hydrogen difluoride in zirconia-to-resin bonding. 
Dent. Mater. J. 2021, 40, 245–252. [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/10.3390/ma19214525

https://doi.org/10.1371/journal.pone.0270527
https://www.ncbi.nlm.nih.gov/pubmed/35749553
https://pmc.ncbi.nlm.nih.gov/articles/PMC9232153
https://doi.org/10.1016/j.jmbbm.2022.105213
https://www.ncbi.nlm.nih.gov/pubmed/35385808
https://doi.org/10.3290/j.qi.a41333
https://www.ncbi.nlm.nih.gov/pubmed/30411090
https://doi.org/10.4047/jap.2014.6.6.462
https://www.ncbi.nlm.nih.gov/pubmed/25551006
https://pmc.ncbi.nlm.nih.gov/articles/PMC4279044
https://doi.org/10.4047/jap.2023.15.6.333
https://doi.org/10.4047/jap.2022.14.2.96
https://www.ncbi.nlm.nih.gov/pubmed/35601351
https://pmc.ncbi.nlm.nih.gov/articles/PMC9095450
https://doi.org/10.1016/j.prosdent.2023.07.015
https://www.ncbi.nlm.nih.gov/pubmed/37620182
https://doi.org/10.1055/s-0041-1735423
https://www.ncbi.nlm.nih.gov/pubmed/34794201
https://pmc.ncbi.nlm.nih.gov/articles/PMC8890922
https://doi.org/10.1016/j.prosdent.2020.06.013
https://www.ncbi.nlm.nih.gov/pubmed/32921422
https://www.ncbi.nlm.nih.gov/pubmed/27700128
https://doi.org/10.1016/j.prosdent.2023.02.003
https://www.ncbi.nlm.nih.gov/pubmed/36889999
https://doi.org/10.1016/j.jdent.2012.01.014
https://www.ncbi.nlm.nih.gov/pubmed/22330322
https://doi.org/10.1016/j.prosdent.2015.08.029
https://www.ncbi.nlm.nih.gov/pubmed/26723091
https://doi.org/10.1111/j.1532-849X.2011.00838.x
https://www.ncbi.nlm.nih.gov/pubmed/22372432
https://doi.org/10.1016/j.dental.2014.08.380
https://www.ncbi.nlm.nih.gov/pubmed/25244926
https://doi.org/10.1016/j.msec.2009.08.002
https://doi.org/10.1080/01694243.2020.1783773
https://doi.org/10.3390/ma13183934
https://www.ncbi.nlm.nih.gov/pubmed/32899546
https://pmc.ncbi.nlm.nih.gov/articles/PMC7559763
https://doi.org/10.21037/atm-21-4909
https://www.ncbi.nlm.nih.gov/pubmed/35402592
https://pmc.ncbi.nlm.nih.gov/articles/PMC8987868
https://doi.org/10.1016/j.jdsr.2023.04.002
https://www.ncbi.nlm.nih.gov/pubmed/37274447
https://pmc.ncbi.nlm.nih.gov/articles/PMC10238491
https://doi.org/10.4012/dmj.2019-389
https://www.ncbi.nlm.nih.gov/pubmed/33087632
https://doi.org/10.3390/ma19214525

	Introduction 
	Materials and Methods 
	Study Design and Ethical Approval 
	Sample Size 
	Specimen Preparation 
	Custom Mold Design and Fabrication 
	Implants Mounting Procedure 

	CAD-CAM Framework Fabrication 
	Framework Design 
	Framework Fabrication 
	Prosthetic Screw Groups Allocation 

	Framework Seating, Fit Verification, and Torquing 
	Thermomechanical Aging Process 
	Fracture Load Test 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References



