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PURPOSE. This study aimed to evaluate the effects of fatigue and misfit on the 
reverse torque, load-bearing capacity, and failure modes of cemented and screw-
retained two-implant-supported fixed dental prostheses (FDPs). MATERIALS AND 
METHODS. Eighty CAD-CAM zirconia frameworks with porcelain veneering were 
assigned to three groups based on engaging (E) and non-engaging (N) abutment 
configurations: N-N, N-E, and E-E. Misfit scenarios included a control cast and 
100 μm horizontal or vertical misfits. Frameworks were mounted on implants 
as screw-retained or cement-retained 3-unit FDPs, forming seven test groups 
and one control group (n = 10). Reverse torque was measured before and after 
thermomechanical cycling, followed by maximum failure load (Fmax) testing and 
failure mode analysis. Fmax was evaluated using two-way ANOVA, and reverse 
torque using mixed-effects ANOVA accounting for engagement, misfit, and 
implant position (α = 0.05). RESULTS. No significant differences in Fmax were 
observed across zirconia specimen groups or engagement configurations under 
various misfit conditions (P > .05). Engagement configuration did not significantly 
impact fracture strength or reverse torque (P = .421). A significant difference was 
found in the horizontal misfit group compared to controls (P < .001). Reverse 
torque values differed between distal (13.5 ± 0.5 Ncm) and mesial implants (18.6 
± 0.5 Ncm) (P = .000), suggesting distal implants may be more prone to preload 
loss and mechanical issues. CONCLUSION. The engagement configuration of 
implants did not significantly affect reverse torque, fracture strength, or failure 
modes of cemented and screw-retained restorations, although horizontal misfit 
reduced load-bearing capacity. [J Adv Prosthodont 2025;17:380-91]
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INTRODUCTION

Implant therapy offers long-term success for miss-
ing teeth,1-4 with a 96.4% survival rate after 5 years, 
93.9% after 10 years,2,3 and 93% after 20 years.4 
Mechanical complications—including screw loosen-
ing, framework misfit, and loss of preload—continue 
to pose significant concerns, potentially undermin-
ing the stability of the restoration.5,6 The orientation 
and extent of prosthesis misfit are especially criti-
cal, as even minimal discrepancies can significantly 
influence stress distribution and long-term biome-
chanical performance.7-9 Proper torque application 
and thermocycling conditions are recommended for 
studying implant components.10,11 Screw-retained 
implant-supported fixed dental prostheses (FDP) offer 
rigidity and retrievability, while cement-retained res-
torations simplify procedures and compensate better 
for the misfit due to the cement gap but at the same 
time increase the risk of inflammation and implant 
failure.12,13

Combining screw-retained frameworks with engag-
ing and non-engaging abutments maximizes load 
distribution, improves prosthesis fit, and reduces 
stress concentration.14-16 Engaging and non-engaging 
abutments represent two key options for connecting 
prostheses to implants.14-18 Engaging abutments fea-
ture an anti-rotational design, such as a hex or star-
shaped interface, that locks the abutment into the 
implant and prevents rotation, which is advantageous 
for single-unit restorations requiring precise orienta-
tion.14-17 Non-engaging abutments, by contrast, allow 
rotational freedom and facilitate passive fit in multi-
unit FDPs, accommodating slight implant angulation 
discrepancies and reducing stress concentrations.15-18 
Combinations of engaging and non-engaging abut-
ments can optimize prosthesis stability, load distri-
bution, and fit, balancing the need for anti-rotation 
with the flexibility to minimize mechanical complica-
tions.17-19

Biomechanical principles significantly influence 
implant-retained restorative operations, impacting 
parameters such as prosthesis fit, masticatory pres-
sures, implant position, component materials, and 
implant success.20-22 Passive fit, with a maximum mis-
fit of 150 μm, is generally acceptable.23 Misfits can 

cause biomechanical issues, late implant failure,24 
and mechanical complications.25-27

Human errors and fabrication faults significantly 
affect the fit of implant-borne FDPs.28 Digital technol-
ogy replaces traditional workflows,29 but still intro-
duces errors and inaccuracies, leading to misfit and 
treatment failure.16,28 In this context, using a 100 µm 
misfit threshold in experimental studies has been jus-
tified as it represents a clinically meaningful magni-
tude for both vertical and horizontal orientations.9 
The literature on implant-supported restorations is 
inconclusive, and studies are needed to optimize clin-
ical success.

To the authors’ best knowledge, few studies16,28,29 
have compared different misfit scenarios and torque 
changes as a function of various configurations of 
implant-supported screw-retained FDPs using mul-
tiple engaging and non-engaging Ti-base configu-
rations. Yet, these were performed independently 
without considering these parameters in a combined 
study design. Therefore, this study’s objectives were1 
to evaluate the mechanical properties of screw-re-
tained and cement-retained restorations with dif-
ferent combinations of abutments (non-engaging / 
non-engaging (N-N group), engaging / non-engag-
ing (N-E group), and engaging / engaging (E-E group)) 
under simulated horizontal and vertical misfits in 
fatigue conditions;2 to measure the reverse torque 
before and after aging conditions and determine the 
effects of fatigue and implant location on the reten-
tion of screw preload.

MATERIALS AND METHODS 

A pilot study (n = 5) was conducted to determine the 
sample size, considering the following parameters: 
α = 0.05, d = 0.848, and P = .95. ANOVA, fixed effects, 
omnibus, and one-way tests were applied. The effect 
size (d = 0.848) was derived from the pilot study and 
represented a large effect according to Cohen’s classi-
fication, reflecting the expected magnitude of group 
differences under misfit conditions. Power analysis 
was performed using G*Power statistical software 
(ver. 3.1.9.7; Heinrich-Heine-Universität, Düsseldorf, 
Germany), which resulted in a computed sample size 
of 9. In order to account for nonparametric statistical 
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analysis, the sample size was increased to 10 speci-
mens for each group.

Experimental models were created to simulate a 
mandibular second premolar to the second molar 
FDP (fixed partial denture) restoration. This was 
achieved by placing two implants (Ø4.3 × 13 mm, 
7.5° internal connection, Conelog Screw-Line; Cam-
log Biotechnologies AG, Basel, Switzerland) with a 
span of 22 mm between the centers of the top plane 
of the implants in the Frasaco model (Frasaco GmbH, 
Tettnang, Germany). The implants were set at an 
angle of 10° relative to each other, replicating the clin-
ical scenario.30 

In this study, scan bodies (ConelogScanbody, Ø 
3.8 / Ø 4.3) were attached to the two implants and 
scanned using an intraoral scanner (Trios 4, 3Sha-
peA/S, Copenhagen, Denmark) to capture the digital 
impressions. Full-contour 3-mol% yttria stabilized zir-
conia (ZrO2 FDPs (Noritake Katana HTML Plus; Kuraray 
Noritake Dental Inc., Tokyo, Japan) were fabricated 
according to the manufacturer’s recommendations 
using a digital workflow in a standardized procedure. 
The mesial connector height was 4.9 mm with a width 
of 3.6 mm (14.8 mm2), while for the distal connector, 
the height was 6.6 mm, and the width was 4.7 mm 
(18.8 mm2). The FDPs consisted of a zirconia frame-
work buccally veneered with feldspathic porcelain (1 
mm thickness) (Cerabien ZR; Kuraray Noritake Dental 
Inc., Tokyo, Japan).

The frameworks (N = 80) were divided into three 
groups using the True Random Number generator 
(Random.org; Mads Haahr, Dublin, Ireland) based on 
the attached Ti-base combinations (Ø4.3 × 2 mm, 
Conelog; Camlog Biotechnologies AG, Basel, Switzer-
lan): N-N type: two non-engaging Ti-bases on mesial 
(M) and distal (D); a semi-engaging type N-E group: 
one non-engaging Ti-base on side M and one engag-
ing Ti-base on side D; and for the engaging type E-E: 
two engaging Ti-bases on sides M and D. Screw-re-
tained prostheses were fabricated for the N-N and 
N-E specimens, and cement-retained ones for the E-E 
specimens.

Each group was further categorized based on the 
engagement configuration and misfit simulation 
level: 

1. �Screw-retained N-N restorations (0 misfit - control 

group)
2. �Screw-retained N-N restorations (100 micron verti-

cal misfit)
3. �Screw-retained N-N restorations (100 micron hori-

zontal misfit)
4. �Screw-retained N-E restorations (0 misfit - control 

group)
5. �Screw-retained N-E restorations (100 micron verti-

cal misfit)
6. �Screw-retained N-E restorations (100 micron hori-

zontal misfit)
7. �Cement-retained E-E restorations (0 misfit - con-

trol group)
8. �Cement-retained E-E restorations (100 vertical 

misfit).
In the cement-retained (E-E) groups, custom zirco-

nia abutments (Noritake, Katana HTML Plus) 5.5 mm 
in height and 3 degrees taper were fabricated and 
cemented on engaging Ti-bases.

A reference cast was created to ensure consistent 
cementation. A “zero” framework was selected and 
cemented (Panavia V5; Kuraray Noritake Dental Inc., 
Tokyo, Japan) to two engaging Ti-bases under micro-
scopic vision (Mobiliskope S; Renfert GmbH, Hilzin-
gen, Germany) to ensure optimal fit and complete 
seating. Cementation was performed after air-abra-
sion of the intaglio surfaces and the abutments with 
50-micron Al2O3 at a pressure of 0.2 MPa from a dis-
tance of 10 mm for 15 seconds, followed by primer 
application (Clearfil Ceramic Primer Plus; Kuraray 
Noritake Dental Inc., Tokyo, Japan). The FDPs with 
incorporated Ti-bases were then attached to mock 
implants (Conelog Screw-Line; Camlog Biotechnolo-
gies AG, Basel, Switzerland) and secured at 20 Ncm. 
Type IV dental stone (GC FUJIROCK EP; GC Corpora-
tion, Tokyo, Japan) was poured around the implants, 
forming the reference cast. Then, all screw-retained 
FDPs and custom zirconia abutments were cemented 
(Panavia V5; Kuraray Noritake Dental Inc., Tokyo, 
Japan) onto the Ti-bases using the same reference 
cast as a guide to achieve consistency. Polishing and 
cleaning protocols were performed following the 
cement manufacturer’s recommendations (Fig. 1).

To create simulated misfit scenarios, three defini-
tive casts (GC FUJIROCK EP; GC Corporation, Tokyo, 
Japan) were generated with different fits: a control 
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cast with no misfit (0 µm), a cast with horizontal mis-
fit (100 µm), and a cast with vertical misfit (100 µm). 
The implant positioning for simulation of the differ-
ent fits in the casts was achieved using a microme-
chanical stand as described in previous studies.16,28 
After creating the horizontal or vertical misfit on the 
stand, two open-tray impression copings were con-
nected and splinted with auto-polymerized resin (Pat-
tern resin, GC America Inc., Alsip, IL, USA). After the 
resin was set, the copings were removed, and two 
real implants (Conelog Screw Line, 4.3 × 13) were 
connected. Then, a type IV dental stone (GC FUJI-
ROCK EP; GC Corporation, Tokyo, Japan) was poured 
to secure the implants, create the test models, and sim-
ulate different misfit levels. 

The finalized FDPs were cleaned using steam and 

fitted onto the implants embedded into the dedi-
cated test and control models. The screw-retained 
FDPs were seated onto their respective models, and 
the screws were tightened to 20 Ncm using a mechan-
ical torque device.

For the cement-retained FDPs (n = 20), the inta-
glio surfaces of the prosthesis were pretreated using 
air-abrasion with 50 μm Al2O3 particles at a pressure 
of 0.2 MPa from a distance of 10 mm for 15 seconds. 
Following this, the prostheses were cleaned in an 
ultrasonic bath with 96% ethanol for 5 minutes and 
then air-dried for 15 seconds. A phosphate-containing 
primer (Clearfil Ceramic Primer Plus; Kuraray Nori-
take Dental Inc., Tokyo, Japan) was applied to the fit-
ting surface using a brush-on application technique. A 
thin, uniform layer of adhesive resin cement (Panavia 

Fig. 1. Experimental workflow and specimen distribution.

Total Specimens N = 80

Thermocycling (5 and 55°C / 1.2 × 106 cycles) (Zurich Chewing Simulator)

Torque measurement T0

Flexural strength testing (Universal Testing Machine)

Torque measurement T1

Statistical analysis

Failure analysis

Control Vertical misfit Horizontal misfit

Cement-retained Screw-retained Cement-retained Screw-retained Screw-retained

E-E 
(n = 10)

N-E  
(n = 10)

N-N 
(n = 10)

E-E 
(n = 10)

N-E 
(n = 10)

N-N
(n = 10)

N-E
(n = 10)

N-N
(n = 10)
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V5; Kuraray Noritake Dental Inc., Tokyo, Japan) was 
then spread. Thereafter, the framework was gently 
seated over the ZrO2 abutments on the designated 
casts for the control and test groups. Excess cement 
was carefully removed, and the cement was photo-
polymerized using a photo-polymerization unit (light 
output: 600 mW/cm², Optilux 501; Kerr Corporation, 
Orange, CA, USA) at a distance of 5 mm from each 
site for a total of 40 seconds, following the manufac-
turer’s instructions. This procedure was consistently 
repeated for all frameworks in this group, and one 
operator conducted all placements (Fig. 2).

Specimens were subjected to thermocycling and 
mechanical loading between 5°C and 55°C for 1.2 × 
106 cycles of dynamic loading with a dwell time of 120 
s at each temperature and a fluid exchange time of 
10 s. The dynamic loading was performed using a 49 
N load at a frequency of 1.67 Hz in a computer-con-
trolled cyclic loading machine (Zurich Chewing Simu-

lator) with a Ø5/8-inch crosshead descending perpen-
dicularly at a speed of 30 mm/s on the central point 
of the occlusal surface of the pontic. The load mag-
nitude (49 N) and frequency (1.67 Hz) were chosen to 
simulate physiologic masticatory forces in vitro, con-
sistent with previous studies reporting that chew-
ing forces in fatigue simulations typically range from 
40 – 50 N.10,11 At an estimated average of 250,000 – 
300,000 chewing cycles per year,31 the applied 1.2 × 
106 cycles approximate 4 – 5 years of clinical function, 
thereby providing a rigorous aging protocol for the 
tested specimens. Reverse torque values were mea-
sured using a Mark-10 M7i professional digital force/
torque indicator (TEquipment, Long Branch, NJ, USA) 
at two time points: immediately after thermomechan-
ical loading cycles (T0) and after fatigue testing on 
identical specimens (T1) (Fig. 3). A new set of screws 
was used for T1 measurements to avoid confounding 
effects from screw deformation or prior loosening, 

Fig. 3. Reverse torque measurement in a screw-retained implant bridge using a Mark-10 M7i professional 
digital force/torque indicator (TEquipment, Long Branch, NJ, USA) (A). The torque values recorded for 
the mesial implant (M) in the screw-retained implant bridge are depicted (B).

A B

Fig. 2. Experimental model preparation. (A) Overview of the cemented FDP on mesial (M) and distal (D) implants with 
engaging abutments in the 100-µm vertical misfit simulation. (B) Close-up view of the mesial (M) abutment. (C) Close-up 
view of the distal (D) abutment.

A B C
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ensuring that the removal torque reflected the effect 
of fatigue and misfit rather than repeated use of the 
same screws. To evaluate the impact of thermome-
chanical cyclic loading, the mean reverse torque val-
ues of the two screws in each specimen were deter-
mined, and the delta change was calculated relative 
to the initial end torque values. Reverse torque val-
ues of mesial and distal implants were evaluated sep-
arately to investigate whether implant position con-
tributes to preload loss. Implant position is a known 
factor influencing torque due to occlusal loading pat-
terns, as supported in prior literature.32 

Surviving specimens were loaded in a universal 
testing machine (Z010; ZwickRoell GmbH & Co. KG, 
Ulm, Germany) at a crosshead speed of 1 mm/min. 
An experienced prosthodontist used a digital micro-
scope (Digital Microscope VHX-2000; Keyence Corpo-
ration, Osaka, Japan) at 40× magnification to exam-
ine all specimens and evaluate the failure modes. The 
failure modes were classified based on fracture type 
and location: transversally at the distal connector 
area, fossa to mesial connector, fossa to distal con-
nector, both connectors, distal connector, failure (no 
recorded max force).

The failures were analyzed using a digital micro-
scope (VHX-200; Keyence Corporation, Osaka, Japan) 
at different magnifications to examine screw defor-
mation and the Ti-Base implant-interface seal. 

All data were first tested for normality and homoge-
neity of variances using the Kolmogorov-Smirnov test. 

For maximum load (Fmax), a two-way ANOVA was 
performed with ‘abutment engagement’ and ‘mis-
fit type’ as factors, followed by Tukey’s post hoc test. 
Reverse torque values were analyzed using a mixed-
model ANOVA, with ‘implant position’ (mesial vs. dis-
tal) as an additional factor. The significance level was 
set at α = 0.05 (IBM SPSS Statistics for Windows, v26; 
IBM Corp., Armonk, NY, USA).

RESULTS

All specimens withstood fatigue conditions without 
any fractures, except for one screw-retained speci-
men with a vertical mismatch, notably in a non-en-
gaged-engaged configuration, where a broken screw 
was encountered. The mean and standard deviation 
of all misfit groups (control = 0 µm, H = 100 µm, V = 
100 µm) are presented in Table 1, including 95% con-
fidence intervals to highlight variability and differ-
ences among the groups.

All specimens withstood fatigue conditions with-
out any fractures, except for one screw-retained spec-
imen with a vertical mismatch in the non-engaged–
engaged configuration, where a broken screw was 
observed. The statistical analyses showed no signif-
icant effect of abutment engagement (F = 1.12, P  = 
.294) and no engagement × misfit interaction (F = 
0.92, P = .421) on fracture strength. Only the misfit fac-
tor itself was significant (F = 6.37, P < .001), driven by 
the horizontal misfit groups, which fractured at lower 

Table 1. Mean (± SD) values with 95% confidence intervals (CI) of maximum load to fracture (Fmax, N) for different engage-
ment configurations and misfit conditions

Misfit group Engagement system Sample size (n) Fmax (N) Mean ± SD 95% CI Lower 95% CI Upper

Control
NN 10 1828.06 ± 473.63 1534.50 2121.62
NE 10 1758.70 ± 255.76 1600.18 1917.22
EE 10 1284.54 ± 283.71 1108.69 1460.39

Vertical
NN 10 2119.74 ± 453.71 1838.53 2400.95
NE 9* 1816.18 ± 327.39 1602.29 2030.07
EE 10 1563.26 ± 404.36 1312.64 1813.88

Horizontal
NN 10 1509.20 ± 179.64 1397.86 1620.54
NE 10 1557.25 ± 283.67 1381.43 1733.07

The groups included control (C = 0 µm), horizontal misfit (H = 100 µm), and vertical misfit (V = 100 µm). 
The asterisk (*) indicates a lost specimen due to a broken screw. NN: non-engaged – non-engaged; NE: non-engaged – engaged; EE: engaged – engaged.  
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Table 2. Reverse torque measurements of screw-retained implant restorations

Misfit
group

Engagement 
system

Sample 
size (n)

Implant 
position

T0 
Mean ± SD

T0 
95% CI

T1
 

Mean ± SD
T1 

95% CI
Control NN 4 M 21.325 ± 2.246 17.751 – 24.899 25.700 ± 2.246 22.126 – 29.274
Control NN 4 D 21.750 ± 2.246 18.176 – 25.324 14.700 ± 2.246 11.126 – 18.274
Vertical NN 6 M 14.050 ± 1.834 12.125 – 15.975 13.233 ± 1.834 11.308 – 15.158
Vertical NN 6 D 14.483 ± 1.834 12.558 – 16.408 12.400 ± 1.834 10.475 – 14.325

Horizontal NN 6 M 13.867 ± 1.834 11.942 – 15.792 14.450 ± 1.834 12.525 – 16.375
Horizontal NN 6 D 13.983 ± 1.834 12.058 – 15.908 11.900 v 1.834 9.975 – 13.825

Control NE 10 M 16.670 ± 1.420 15.654 – 17.686 14.980 ± 1.420 13.964 – 15.996
Control NE 10 D 9.070 ± 1.420 8.054 – 10.086 10.730 ± 1.420 9.714 – 11.746
Vertical NE 10 M 21.873 ± 1.354 20.904 – 22.842 23.109 ± 1.354 22.140 – 24.078
Vertical NE 10 D 10.755 ± 1.354 9.786 – 11.724 17.345 ± 1.354 16.376 – 18.314

Horizontal NE 10 M 20.130 ± 1.420 19.114 – 21.146 24.770 ± 1.420 23.754 – 25.786
Horizontal NE 10 D 10.890 ± 1.420 9.874 – 11.906 14.630 ± 1.420 13.614 – 15.646

The means, standard deviations, and 95% confidence intervals of initial torque values (T0) and end torque values (T1) were recorded before and after thermo-
cycling and mechanical loading for different engagement systems on both mesial (M) and distal (D) implants. 
Data are presented for all misfit groups (Control = 0 µm, Horizontal = 100 µm, and Vertical = 100 µm). NN: non-engaged – non-engaged; NE: non-engaged – 
engaged.

Table 3. Summary of fracture types and location based on misfit levels 

Failure type and location V 
(N-N)

V 
(N-E)

V 
(E-E)

C 
(N-N)

C 
(N-E)

C
 (E-E)

H 
(N-N)

H 
(N-E)

Transversally at the distal connector area 4 0 0 6 0 0 4 0
Fossa to mesial connector 5 5 0 3 3 5 4 3
Fossa to distal connector 1 4 8 1 6 5 2 7
Both connectors 0 1 1 0 1 0 0 0
Distal connector 1 0 1 1 0 1 0 0
Failure (no recorded max force) 0 1 0 0 0 0 0 0

(Control = 0 µm, Horizontal = 100 µm, and Vertical = 100 µm. NN: non-engaged – non-engaged, NE: non-engaged – engaged.)

loads than the control (P  < .001). Vertical misfit did 
not differ from control (P > .05). Mixed-model ANOVA 
for reverse torque revealed a significant implant-po-
sition effect (mesial > distal; P  < .001) but no effect 
of engagement configuration (P  = .318) or misfit (P 
= .267), and no significant interactions (all P  > .05). 
Occasional T1 values exceeded T0 (e.g., Control NN 
mesial), reflecting friction and new screws at T1 rather 
than a true preload increase, supported by overlap-
ping CIs and nonsignificant ANOVA results (Table 2).

The failure-mode analysis (shown in Table 3) 
revealed that cracks most often started at the point 
where the pontic and distal connector meet. This was 

true regardless of how the abutment was engaged. 
Additionally, a greater horizontal misfit seemed to 
lead to more fractures at the distal connector (Figures 
4 and 5). Transversal fractures at the distal connec-
tor were mainly seen in NN control and vertical mis-
fit groups. In contrast, fossa-to-distal connector frac-
tures were common in NE and EE groups, especially 
under horizontal misfit. Failures involving both con-
nectors or isolated distal fractures were rare; only one 
early failure (broken screw) occurred in NE vertical 
misfit. Cross-sectional microscopic analysis further 
demonstrated the implant-abutment connection, 
with the fixation screw in place. 

https://doi.org/10.4047/jap.2025.17.6.380
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DISCUSSION

This study examined the effects of implant engage-
ment style, 100 µm misfit orientation (horizontal 
or vertical), and implant position on the fracture 
strength and removability of zirconia three-unit FDPs. 
Results showed that engagement style had no signif-
icant effect on fracture strength or torque loss, and 
importantly, no significant interaction was found 
between engagement and misfit, suggesting that the 
impact of misfit on restoration performance occurs 
independently of the engagement configuration. Mis-
fit orientation, however, had a significant influence 

on fracture strength, with horizontal misfits result-
ing in lower Fmax compared to the control, while ver-
tical misfits did not differ from the control. The null 
hypothesis was therefore rejected for misfit orienta-
tion and implant position, while engagement config-
uration and the engagement and misfit interaction 
were not significant. These findings highlight the crit-
ical role of horizontal misfit in restoration integrity, 
supporting prior studies that emphasized misfit orien-
tation as a determinant of mechanical behavior.13,23,33 
Engagement configuration did not significantly mod-
ify the effect of misfit, indicating that reducing mis-
fit alone, rather than altering engagement type, may 
be more important for enhancing mechanical perfor-
mance. The lack of significant difference related to 
abutment type is mainly due to zirconia frameworks’ 
high rigidity. This rigidity likely hid subtle differences 
between engaging and non-engaging connections, 
as zirconia’s strength and stiffness mainly affect load 
transfer. As a result, the connection geometry’s effect 
on fracture resistance and torque may be minimal. 
Using standardized connector sizes and a uniform 
CAD-CAM process could also have unified stress dis-
tribution among groups, reducing observable effects 
of abutment type. This aligns with previous stud-
ies showing that material properties and rigidity can 
overshadow connection-specific effects.16,28,29

The study replicated cyclic loading forces during 
mastication and aging on dental materials using ther-
momechanical cycling.11 Although the 49 N cyclic 
load is within documented chewing forces, it rep-
resents the lower end of normal mastication. Typi-

Fig. 4. Different failure modes and locations of the various engagement configurations.

Fig. 5. Cross-sectional microscopic view of an implant-
abutment assembly. The zirconia abutment, fixation 
screw, and titanium implant are shown in section. The red 
dotted line marks the abutment-implant interface area.
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cal chewing forces range from 10 to 120 N, depend-
ing on the type of food and individual differences,2-6 
with higher forces between 190 and 360 N occurring 
only during maximal biting rather than normal mas-
tication.7-10 This load offers a conservative simula-
tion; however, higher functional or parafunctional 
loads can increase stress and the risk of mechani-
cal issues at the prosthesis and implant interface.31 
Consequently, the protocol may underestimate the 
stresses experienced under heavier loads or bruxism 
conditions. Most specimens remained intact, show-
ing restoration stability, but one broken screw indi-
cates vulnerabilities, requiring larger samples and 
clinical research. Cyclic loading and misfit type did 
not significantly affect reverse torque across engage-
ment configurations; however, implant position did, 
with distal implants exhibiting significantly greater 
torque loss than mesial implants. This contrasts with 
prior findings that non-engaging setups tolerate mis-
fit.28 Alzoubi et al .29 also saw no significant preload 
difference among abutment configurations, suggest-
ing standardization may not enhance outcomes but 
could streamline procedures.

Compared to a non-engaging (NN) design, a NE 
abutment configuration is expected to improve 
implant-to-abutment stability and reduce screw loos-
ening.17,32,34 Data confirms a significant difference in 
reverse torque between distal and mesial implants, 
with the distal showing more pre-load loss. It is 
important to note that, in some instances, T1 values 
exceeded T0 (e.g., Control NN mesial). This outcome 
reflects the influence of interface friction rather than 
preload. Embedment/settling and the use of new 
screws at T1 can increase friction and yield higher 
loosening torque, although overlapping CIs and 
ANOVA results confirmed that these changes were 
not statistically significant.32,33 Factors like applied 
torque, screw design,29 implant position, biome-
chanical forces,34 load distribution, and tightening 
sequence may cause torque variation.16,28 The greater 
torque loss in distal implants suggests higher suscep-
tibility to stress and long-term issues. These varia-
tions highlight the need to consider implant position 
and associated mechanical stress complications.

The implant-abutment contact area is crucial 
for stress distribution. Bone-level implants have a 

smaller contact area near the crestal bone, increasing 
stress concentration and risking peri-implant bone 
loss.35,36 Tissue-level implants have a wider, more cor-
onally placed contact area, distributing forces more 
evenly and reducing stress on the marginal bone.36,37 
However, this may transfer more load to the abut-
ment and screw, affecting stability.36 These differ-
ences suggest implant design should consider both 
biological and mechanical factors for long-term suc-
cess.

The choice between cement- and screw-retained 
dental implant restorations is unclear. A system-
atic review found that cemented restorations caused 
more bone loss.38 Conversely, Nissan et al . reported 
better long-term results with cement-retained 
crowns.39 When evidence conflicts, factors may favor 
screw-retained options. Cemented prostheses are 
hard to remove, so screw retention is preferred for 
extensive cases needing regular care. Achieving a pas-
sive fit with screw-retained prostheses is challenging. 
Cement layers can act as stress absorbers, making 
cement-retained structures more passive, but dis-
tortions can occur in any laboratory or clinical step. 
Advances in manufacturing now allow screw-retained 
restorations to fit precisely, reducing screw loosen-
ing.40

Although this study did not directly compare 
cemented and screw-retained prostheses, it is import-
ant to interpret our results within the larger context of 
existing scientific research. A comprehensive system-
atic review conducted by Heckmann et al . showed 
that cemented restorations tend to have more 
peri-implant bone loss compared to screw-retained 
options.35 Conversely, a long-term clinical study by 
Nissan et al . found high survival rates for cement-re-
tained crowns, demonstrating their clinical useful-
ness.39 These different findings highlight the need to 
distinguish between biological complications and the 
longevity of the prosthesis. It is crucial for clinicians 
to carefully consider both mechanical and biological 
factors when choosing the most suitable type of res-
toration, as this decision affects not only short-term 
results but also the long-term success of the implant.

Fracture analysis reveals failure patterns in FDPs, 
highlighting how tensile stresses cause crack initia-
tion and propagation, mainly in the occlusal direc-
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tion. A detailed analysis of failure patterns across 
misfit levels and Ti-base combinations shows dis-
tinct trends. Transverse failures at the distal connec-
tor were mostly seen in the control and vertical misfit 
groups with N-N combinations, indicating the distal 
connector as a critical stress point under these condi-
tions. No such failures were noted in N-E and E-E set-
ups, hinting at the influence of engaging interfaces 
on stress distribution. Failures from the fossa to the 
mesial connector were common across all groups, 
especially in the E-E control and N-N and N-E vertical 
misfits, due to stress at the pontic-connector inter-
face. Fractures from the fossa to the distal connec-
tor were the most frequent in E-E and N-E groups, 
revealing their vulnerability to tensile stress, with 
some failures linked to horizontal misalignment. Few 
failures involved both connectors or only the distal 
connector, and a single early failure was seen in the 
V group. These results emphasize how misfit level 
and Ti engagement affect FDP fracture behavior. The 
absence of certain failure modes in E-E setups, par-
ticularly transversal fractures at the distal connec-
tor, suggests better load distribution, warranting fur-
ther study. These findings highlight the importance of 
connector design. Increasing its cross-sectional area, 
especially at the distal end, reduces tensile stress and 
fracture risk in screw-retained FDPs. Optimizing con-
nector height and width is advisable when expect-
ing horizontal misfit, while minimizing sharp internal 
angles can improve stress distribution. Such design 
tweaks could turn lab results into practical ways to 
boost prosthesis durability. The higher distal connec-
tor failure rate in V and C groups highlights the need 
to optimize connector design to minimize tensile 
stress. These findings contrast with previous research 
showing internal connections with materials like tita-
nium or zirconia having higher fracture strength after 
cyclic loading. The behavior of the engaging types 
(N-E and E-E) may provide insights into stress distri-
bution, but further research is needed to evaluate the 
benefits of internal connections for stress manage-
ment and durability.

In the present study, force transmission predomi-
nantly occurred via direct contact at the implant plat-
form. The non-engaging segment of the abutment 
was designed so that it did not make contact with the 

implant, thereby ensuring optimal alignment and sta-
bility. This configuration facilitated a more passive fit, 
which is crucial for maintaining implant integrity and 
function.

This study only tested one type of zirconia and 
implant, which limits how broadly the results can be 
applied. The misfit scenarios were limited to horizon-
tal and vertical misfits at 100 µm, which might not 
capture the full range of clinical situations where mis-
fits could be larger. Additionally, using just one zirco-
nia material and a single implant system could have 
hidden potential differences in torque stability and 
fracture resistance that depend on specific materi-
als or systems. Furthermore, the cyclic load of 49 N 
applied here aligns with the lower range of normal 
chewing forces, which may not fully represent the 
occlusal loads experienced in clinical settings. While 
this load was selected to standardize fatigue tests 
and avoid early failures, the relatively low force could 
limit how broadly the fatigue results can be applied. 
Future research should consider different zirconia 
generations, veneering protocols, or implant–abut-
ment designs, as these could lead to different results. 
Clinical studies should report the parameters and 
outcomes studied here to validate findings. Without 
these reports, systematic reviews and clinical trials 
cannot provide guidelines for implant-borne FDPs. 
Unlike previous research16,28,29 that examined engage-
ment or misfit in isolation, this study integrated both 
factors within a factorial design, enabling explora-
tion of interaction effects and offering a more clini-
cally relevant interpretation. Including torque reten-
tion, engagement type, and simulated misfits under 
fatigue loading provides a comprehensive biome-
chanical profile. Future research should explore wider 
misfit magnitudes, materials, and implant systems to 
validate and expand findings. Longer-term clinical tri-
als are necessary to assess the effects of misfit on the 
survival, stability, and biological implications of res-
torations.

CONCLUSION

From this study it could be concluded that the 
engagement configurations did not significantly affect 
the fracture strength of screw- or cement-retained 
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implant-borne FDPs under simulated misfit scenar-
ios after fatigue conditions. Distal implants exhibited 
greater torque loss than mesial implants, highlight-
ing implant position as a clinically relevant factor for 
prosthesis stability. Although horizontal and verti-
cal misfits up to 100 µm did not compromise removal 
torque, horizontal misfits were associated with more 
unfavorable fracture patterns at the distal connector. 
Horizontal misfit was identified as the critical factor 
reducing fracture strength, underscoring the impor-
tance of optimizing connector design and minimizing 
misfit levels to enhance the structural integrity and 
long-term performance of FDPs.
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