
R E S E A R C H Open Access

© The Author(s) 2025. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you 
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the 
licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit  h t t p :   /  / c r e a t i  
v e c  o m m  o n  s  . o  r  g /  l i c  e n s   e s  /  b y  - n c  -  n d / 4 . 0 /.

Habibzadeh et al. BMC Oral Health          (2025) 25:667 
https://doi.org/10.1186/s12903-025-06058-3

BMC Oral Health

*Correspondence:
Hosein Mohebbi
hossein_mohebbi74@yahoo.com
1Dental Research Center, Dentistry Research Institute, Department 
of Prosthodontics, School of Dentistry, International Campus, Tehran 
University of Medical Sciences, Tehran, Iran
2Dental Research Center, Dentistry Research Institute, Department of 
Prosthodontics, Tehran University of Medical Sciences, Tehran, Iran

3Department of Research Analytics, Saveetha Institute of Medical and 
Technical Sciences, Saveetha Dental College and Hospitals, Saveetha 
University, Chennai, India
4Department of Conservative Dentistry and Bucofacial Prosthesis, Faculty 
of Odontology, Complutense University of Madrid, Madrid, Spain
5Department of Prosthodontics, Faculty of Dentistry, AJA University of 
Medical Sciences, Tehran, Iran

Abstract
Background This study sought to compare the rotational freedom and structural changes of abutment connections 
in dual-retained and screw-retained metal-ceramic implant restorations at different fabrication stages and following 
thermomechanical loading.

Methods Twenty metal-ceramic restorations were equally divided into two groups. Group 1 (G1) consisted of dual-
retained restorations on prefabricated titanium abutments, while Group 2 (G2) comprised screw-retained restorations 
on UCLA chromium-cobalt overcast abutments. Specimens underwent 500 cycles of thermocycling and 500,000 
cycles of mechanical loading. Changes in connection dimensions and rotational freedom were compared within and 
between the groups before- and post-loading. Statistical analyses were conducted using a generalized linear model 
(GLM). The significance level was set at α = 0.05.

Results Initially, no significant differences in connection dimensions were observed between the groups (P >.05). 
After loading, G2 exhibited significantly smaller hexagon side lengths and diagonal measurements, along with 
increased hexagonal angle deformation and concentricity (P <.001) compared to G1. Rotational freedom was 
significantly greater in G2 compared to G1 both before and after thermomechanical loading (P <.001). G2 experienced 
significant dimensional changes before and after loading (P <.001), whereas G1 showed no significant changes in 
connection dimensions pre- and post-loading (P >.05).

Conclusions Dual-retained restorations outperformed screw-retained ones with minimal connection alteration and 
higher rotational stability.

Keywords Dental implants, Dental prosthesis, Implant supported dental prosthesis, Prosthesis fitting, Single tooth 
dental implant
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Introduction
In dentistry, implant treatment is recognized for its com-
mendable success rates, making it a reliable, safe, and 
predictable approach for rehabilitating edentulism in 
diverse clinical scenarios [1]. Various prosthetic options 
are at the disposal of clinicians when considering fixed 
single- or multi-unit implant-supported restorations. 
These include cement-retained, screw-retained, and 
dual-retained restorations, each possessing distinct char-
acteristics that justify its application in specific scenarios 
[2]. The selection between these prostheses is a subject of 
debate among researchers, and consensus has yet to be 
reached [3, 4].

The advantages of cement-retained restorations include 
the ease of achieving passivity, enhanced aesthetics 
resulting from the absence of a screw access hole, and 
simpler occlusion control [3, 5, 6]. However, the use 
of this restoration type is restricted by the minimum 
required height for the restorative space (5  mm) [7]. 
Moreover, the primary drawback lies in the challenge of 
removing excess cement, which can result in biological 
complications [8].

The screw-retained type offers the benefit of retriev-
ability, facilitating removal when necessary [3, 5]. How-
ever, this type encounters certain issues, such as screw 
loosening or fracture, difficulty in achieving a passive 
fit, disrupted natural occlusal morphology [9, 10], and 
aesthetic challenges [5, 11]. Typically, screw-retained 
restorations are fabricated using prefabricated universal 
casting long abutments (UCLA) [12], which come in two 
variants: (1) castable all-plastic and (2) overcast abut-
ments with a plastic sleeve and a pre-machined metallic 
connection composed of either gold or base metal cobalt-
chromium alloys, with an increasing trend towards the 
adoption of base metal connections due to the elevated 
gold cost. This type of connection is susceptible to cor-
rosion [13, 14], as well as shape and dimensional altera-
tions, surface roughness during the casting process, and 
further firing cycles throughout the fabrication process, 
having the potential to adversely impact the mechanical 
properties [15, 16].

Another type of implant restoration is known as 
cement-screw- or dual-retained restoration [17–20]. In 
this type, the crown is definitively cemented onto the 
abutment either extraorally or intraorally, and any excess 
cement is thoroughly removed. Subsequently, the crown-
abutment assembly is screwed to the implant through an 
access hole in the crown using an abutment screw [19]. 
Finally, the access hole is sealed with resin composite [17, 
21]. The use of a screw access hole in cement-retained 
restorations was first introduced as the “combination 
implant crown” by McGlumphy in 1992 [22]. Rajan and 
Gunaseelan (2004) employed this technique to attach 
a single-unit metal-ceramic crown to a customized 

cast abutment [17]. Uludag et al. also studied the dual-
retained restoration design for fabricating multi-unit 
restorations on custom cast abutments [18, 21]. Dual-
retained restorations, despite their shorter history of use 
compared to the other two types, claim improvements 
in biological and mechanical properties over cement-
retained restorations, with benefits such as easier retriev-
ability, elimination of issues related to excess cement, 
providing more reliable retention, suitability for limited 
interocclusal spaces, and the ability to use gingival depth 
for better emergence profile shaping, and over screw-
retained restorations, with advantages such as improved 
passivity, simplified fabrication processes, the possibility 
of using standard abutments, and increased resistance to 
fracture due to the supportive effect of the intermediary 
cement [17]. In contrast to screw-retained restorations 
fabricated with UCLA abutments, the abutments utilized 
in these restorations do not undergo the thermal cycle 
associated with casting and porcelain firing, potentially 
impacting their fit and overall quality [23]. Disadvantages 
such as the potential for reduced crown retention and 
porcelain weakening due to the access hole have been 
cited for these restorations, yet studies have reported 
conflicting results [24–27]. Over 12 years, a total of 274 
dual-retained restorations were evaluated by Nissan et al. 
They concluded that this design improves the long-term 
survival rates of restorations and reduces maintenance 
costs without raising the risk of porcelain fracture or 
screw loosening [28].

Most studies on dual-retained restorations have exam-
ined the effect of screw access hole location on fracture 
strength, often with inconsistent findings [10, 24–27, 
29–33]. Other mechanical factors critical to long-term 
success—especially in dual-retained designs—remain 
underexplored. Additionally, research has largely focused 
on all-ceramic systems, despite the applicability of dual 
retention to conventional metal-ceramic restorations 
using standard abutments [33]. While Finite Element 
Analysis (FEA) has been used to assess stress distribution 
in implant restorations [34–36], data on the structural 
stability and rotational behavior of dual-retained metal-
ceramic designs remain scarce. This study aimed to com-
pare structural changes and rotational freedom between 
dual- and screw-retained metal-ceramic restorations 
under thermomechanical loading. The null hypothe-
sis stated that there would be no significant differences 
between the two groups.

Materials and methods
An in vitro study was conducted to compare the mean 
differences in structural properties and rotational free-
dom between dual-retained (intervention group) and 
screw-retained (comparison group) metal-ceramic 
implant restorations at the initial assessment and 
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following thermomechanical loading. The required sam-
ple size was estimated using G*Power software (version 
3.1, Heinrich-Heine-Universität Düsseldorf, Germany) 
based on the repeated measures ANOVA model. Assum-
ing an effect size of 0.8, a correlation coefficient of 0.8, a 
Type I error rate of 5%, and a power of 90%, the estimated 
sample size was 18 specimens. To account for a 10% fail-
ure rate of the samples, the final sample size was deter-
mined to be 20 specimens (10 per group). The study was 
approved by the Ethics Committee at Tehran University 
of Medical Sciences, with the identifier IR.TUMS.DEN-
TISTRY.REC.1401.057.

A rectangular cuboid master block was fabricated 
from cobalt-chromium (Co-Cr) alloy (Vera band, Alba-
dent, Cordelia, CA, USA; Elastic modulus [E] ≈ 210 GPa), 
measuring 25 × 38 × 16  mm. Within this block, a central 
rectangular cuboid space (8 × 8 × 15 mm) flanked by two 
cylindrical cavities was created to mount acrylic max-
illary second premolar and second molar teeth using 
auto-polymerized acrylic resin (Acropars, Marlic Medi-
cal Industries, Iran; Elastic modulus [E] ≈ 2.5–3.0 GPa). 

Twenty smaller metal blocks, constructed from the same 
alloy and sized to match the dimensions of the middle 
hole, were created to attach to the main block using 
screws from underneath; these smaller blocks, referred 
to as implant blocks, were intended for mounting the 
implants (Fig.  1). The occlusal surfaces of the acrylic 
teeth were oriented parallel to the horizon, and the teeth 
were embedded inside the acrylic to a depth, ensuring 
their cementoenamel junction (CEJ) remained above the 
acrylic surface. Implants, each measuring Ø4 × 10  mm 
and featuring an 11° conical and internal hex connection 
(IS-II Active Implant, Neobiotech, Seoul, Republic of 
Korea), were mounted perpendicularly to the horizon in 
the implant blocks by a surveyor using auto-polymerized 
resin, ensuring the implant platform was elevated 1 mm 
above the acrylic surface.

Ten restorations were fabricated on the implants in 
each of the dual-retained (G1) and screw-retained (G2) 
groups (n = 10 per group). In G1, straight prefabricated 
abutments with a diameter of 6.5  mm and a height of 
4.5  mm (GH = 3  mm) (IS Cemented Abutment, Hex 

Fig. 1 A master model of a rectangular cuboid cobalt-chromium block, featuring a central rectangular cuboid cavity with two cylindrical spaces on 
either side
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type, Neobiotech, Seoul, Republic of Korea) were utilized 
(Fig.  2A), upon which metal-ceramic dual-retained res-
torations were fabricated. In G2, UCLA overcast Co-Cr 
abutments (CCM UCLA Abutment, Neobiotech, Seoul, 
Republic of Korea) were employed to fabricate screw-
retained metal-ceramic restorations (Fig.  2D). The res-
torations were modeled with the anatomy of the first 
maxillary molar using the same index.

Metallic frames were designed as follows: In G1, one 
of the corresponding abutments was scanned using a 
laboratory scanner (T510, MEDIT Corp, Seoul, Repub-
lic of Korea) and scan powder (Snow Scan Powder, Snow 
Rock Co., Japan). The frame, inclusive of the lingual col-
lar, abutment screw access hole, and a cement space of 
40  μm, was designed in CAD software (Exocad Den-
talCAD, Exocad, Darmstadt, Germany). In G2, a UCLA 
abutment was scanned similarly, and the frame designed 
for G1 was superimposed on the plastic cylinder. Both 

groups’ frame patterns were then 3D printed (Fig. 2B and 
E) using resin material (JamgHe, Shenzhen Yongchanghe 
Technology Co., China). In the screw-retained group, 
the printed patterns were affixed to the plastic cylinders 
using wax, with both groups visually inspected for frame 
similarity (dimensions, lingual support, porcelain space). 
Finally, frames were fabricated using cobalt-chromium 
alloy in a casting furnace (Vera band, Albadent, Corde-
lia, CA, USA) (Fig.  2C and F). Following this, porcelain 
(Noritake, Kuraray, Tokyo, Japan) was applied on a frame 
from the dual-retained group with a thickness of 1 mm 
on axial surfaces and 1.5 mm on cusps and an access hole 
for the abutment screw. For the remaining samples in 
both groups, porcelain was applied using a silicone index 
and visual inspection on the mounted blocks. All labora-
tory procedures were carried out by a single technician 
who was blinded to the grouping and study design.

Fig. 2 (A) A straight prefabricated abutment used for the dual-retained restorations. (B) A 3D-printed resin pattern for casting the metallic frameworks 
of the dual-retained restorations. (C) The final cast frame for the dual-retained groups. (D) A UCLA abutment placed in the metal block for designing and 
fabricating screw-retained restorations. (E) A 3D-printed resin pattern for casting the metallic frames of the screw-retained restorations. (F) The cast metal-
lic frames of the screw-retained restorations
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The fabricated restorations were adjusted until com-
plete seating was achieved. The crowns in G1 were 
cemented to the abutments using a dual-cure self-adhe-
sive resin cement (TheraCem, BISCO, Illinois, USA) 
[29]. A micro brush was utilized to eliminate any excess 
cement. The crowns were then clamped for 10  min 
with force equivalent to finger pressure, after which any 
remaining excess cement was removed [30]. The abut-
ment connection changes and rotational freedom were 
compared between the two groups of restorations before 
the commencement of fabrication stages (t1) and after 
thermo-mechanical loading (t2).

Subsequently, crown-abutment sets were torqued to 30 
Ncm on the implants using a digital torque meter. This 
procedure was repeated after a 10-minute interval. One-
third of the screw channel was filled with Teflon tape, 
and the remaining portion with a hybrid composite resin 
(Solafil, Trentdent, UK). Afterward, the samples under-
went thermocycling (Vafae Industrial Factory, Qom, 
Iran), which involved 500 cycles alternating between 5 °C 
and 55 °C, with each temperature maintained for 30 s and 
a dwell (transition) time of 20 s. The resulting frequency 
was approximately 0.01 Hz [32], followed by mechanical 
loading (500 N force applied for 500,000 cycles, equiva-
lent to two clinical years, focused on the center of the 
slightly flattened palatal cusp of the samples) [37] (Chew-
ing simulator CS-4 SD Mechatronik, Feldkirchen, Ger-
many). To ensure purely vertical loading without sliding 
effects on the oblique cusp surfaces, the spherical-shaped 
loading tip of the universal testing machine was precisely 
positioned perpendicular to the center of the flattened 
palatal cusp surface of each sample. Throughout the 
mechanical loading process, periodic visual inspections 

were conducted to confirm consistent force direction and 
absence of lateral displacement or sliding.

After opening the abutment screw on all specimens (t2), 
the abutment connection and rotational freedom were 
re-evaluated in both groups. Four measurements were 
conducted at each stage for assessing changes in the abut-
ment connection by using a Video Measuring Machine 
(VMS-2515 A, Shanghai Cany Precision Instrument Co., 
China) with a precision of 1 μm (Fig. 3A). These measure-
ments included (1) the length of each side of the hexagon 
(L1-L6), (2) the connection diameter determined by the 
lengths of the short and long hypotenuses of the hexa-
gon (T1-T2), (3) concentricity, which was calculated as 
the distance between the center of the hexagon and the 
center of the circle above it (O), and (4) deformation of 
the hexagonal angles, measured by the distance between 
the hypothetical intersection of adjacent sides to a point 
perpendicular to the actual intersection manifested as a 
curve (P1-P6) (Fig.  3B). To assess rotational freedom in 
each intended phase, the implants were secured with 
a clamp. A flat-head pin was affixed to either the abut-
ments or restorations, which was then manually rotated 
clockwise and counterclockwise until resistance was 
encountered. A photograph was taken by a digital cam-
era (D3300, Nikon, USA) positioned perpendicular to the 
set after each rotation. The total angles resulting from the 
rotation were measured using Digimizer Image Analy-
sis Software, v. 6.3.0 (MedCalc Software Ltd, Ostend, 
Belgium). All measurements were conducted by a single 
experienced prosthodontist (S.G.), with over ten years 
of clinical and research experience. While intra- and 
inter-examiner reliability were not assessed due to the 
single-operator protocol, standardized digital tools and 

Fig. 3 (A) Evaluation of the abutment connection using a Video Measuring Machine. (B) Measurement variables related to changes in the abutment con-
nection dimensions: L (Hexagonal side length), P (Hexagonal angle deformation), T1 (Short diagonal of the hexagon), T2 (Long diagonal of the hexagon), 
and O (Concentricity)

 



Page 6 of 12Habibzadeh et al. BMC Oral Health          (2025) 25:667 

procedures were used to ensure consistency and reduce 
potential operator-related variability. The sequence of the 
study steps is schematically presented in Fig. 4.

Summary statistics for the study parameters were 
reported as mean ± standard deviation (SD). To compare 
the parameters both between and within groups, a gener-
alized estimating equations (GEE) model was employed, 
followed by a least significant difference (LSD) post-hoc 

test. Statistical analyses were conducted using SPSS (IBM 
Corp. Released 2016. IBM SPSS Statistics for Windows, 
Version 24.0. Armonk, NY: IBM Corp.), with P-values 
less than 0.05 considered statistically significant.

Fig. 4 Summary of the study methodology steps
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Results
Table  1 presents the descriptive statistics of the study 
parameters, categorized by the intervention group 
before and after the thermomechanical loading. The 
results of the GEE model are presented in Table  2. The 

model findings indicated that the average L significantly 
decreased in G2 (P <.001), while no significant changes 
were observed in G1 (P =.701). Additionally, between-
group comparisons showed no significant differences 
at t1 (P =.482). However, after loading (t2), the average L 
was significantly lower in G2 compared to G1 (P <.001) 
(Fig. 5A).

The model also revealed a significant increase in the 
average P for G2 (P <.001), whereas G1 showed no statis-
tically significant changes (P =.539). Between-group com-
parisons indicated no significant difference at t1 regarding 
the average P (P =.286). Nonetheless, at t2, the average P 
was significantly higher in G2 (P <.001) (Fig. 5B).

For T1, a significant difference was observed between 
the groups after thermomechanical loading (P <.001), 
with the average T1 being lower in G2 (Fig.  5C). The 
model results also showed a significant decrease in the 
average T2 in G2 (P <.001), while G1 exhibited no sig-
nificant changes (P =.881). Moreover, between-group 
comparisons showed no significant differences before 
thermomechanical loading (P =.609). However, after 
loading, the average T2 was significantly lower in G2 
compared to G1 (P <.001) (Fig. 5D).

The model indicated a significant increase in the aver-
age O in G2 (P <.001), while no statistically significant 
changes were observed in G1 (P =.104). Between-group 
comparisons revealed no significant difference at t1 
(P =.149). However, after cycling (t2), the average O was 
significantly higher in G2 (P <.001) (Fig. 5E).

Finally, the model demonstrated a significant increase 
in the average RF in G2 (P <.001), whereas G1 exhibited 
no significant changes (P =.859). Between-group com-
parisons showed significantly higher RF in G2 than in 
G1 both before and after thermomechanical loading 
(P <.001) (Fig. 5F).

Discussion
One of the most critical factors contributing to complica-
tions in implant-based restorations is the incompatibility 
between the abutment connection area and the implant 
[38]. When this connection is compromised, stress con-
centration in the abutment-implant interface increases, 
potentially leading to mechanical or biological complica-
tions that can impact the long-term success of the resto-
ration or implant [39]. This study aimed to advance the 
understanding of the structural integrity of abutment 
connections in metal-ceramic implant restorations, 
focusing on dual- and screw-retained designs. The results 
indicated no significant differences between the groups 
before thermomechanical loading, except for rotational 
freedom. However, the null hypothesis was partially 
rejected after loading, as substantial differences emerged 
between the groups.

Table 1 Descriptive information on study parameters
Study groups Parameters Before

(Mean ± SD)
After
(Mean ± SD)

Dual-retained Average L 1.381 ± 0.016 1.381 ± 0.014
Average P 0.015 ± 0.003 0.014 ± 0.003
T1 2.498 ± 0.003 2.5 ± 0.004
T2 2.885 ± 0.003 2.885 ± 0.003
O 0.004 ± 0.001 0.005 ± 0.002
RF 2.312 ± 0.088 2.316 ± 0.096

Screw-retained Average L 1.385 ± 0.009 1.309 ± 0.045
Average P 0.013 ± 0.002 0.027 ± 0.006
T1 2.529 ± 0.094 2.485 ± 0.006
T2 2.886 ± 0.003 2.865 ± 0.014
O 0.005 ± 0.002 0.017 ± 0.008
RF 2.531 ± 0.134 3.303 ± 0.233

L, Hexagonal side length; P, Hexagonal angle deformation; T1, Short diagonal of 
the hexagon; T2, Long diagonal of the hexagon; O, Concentricity; RF, Rotational 
freedom, SD, Standard Deviation

Table 2 Inter- and intra-group comparisons regarding each 
study parameter
Parameter Comparison MD 95% CI P-value

L U
L Screw Before - Screw After 0.076 0.047 0.105 < 0.001

Screw Before - Dual Before 0.004 -0.007 0.015 0.482
Screw After - Dual After -0.071 -0.099 -0.044 < 0.001
Dual Before - Dual After 0.001 -0.004 0.005 0.701

P Screw Before - Screw After -0.014 -0.018 -0.010 < 0.001
Screw Before - Dual Before -0.001 -0.004 0.001 0.286
Screw After - Dual After 0.013 0.009 0.017 < 0.001
Dual Before - Dual After 0.001 -0.001 0.001 0.539

T1 Screw Before - Screw After 0.045 -0.010 0.099 0.108
Screw Before - Dual Before 0.031 -0.024 0.087 0.268
Screw After - Dual After -0.015 -0.019 -0.011 < 0.001
Dual Before - Dual After -0.002 -0.003 0.001 0.054

T2 Screw Before - Screw After 0.021 0.012 0.029 < 0.001
Screw Before - Dual Before 0.001 -0.002 0.003 0.609
Screw After - Dual After -0.020 -0.028 -0.012 < 0.001
Dual Before - Dual After 0.001 -0.001 0.001 0.881

O Screw Before - Screw After -0.013 -0.017 -0.008 < 0.001
Screw Before - Dual Before 0.001 -0.001 0.002 0.149
Screw After - Dual After 0.012 0.007 0.017 < 0.001
Dual Before - Dual After -0.001 -0.003 0.001 0.104

RF Screw Before - Screw After -0.772 -0.936 -0.608 < 0.001
Screw Before - Dual Before 0.219 0.125 0.313 < 0.001
Screw After - Dual After 0.987 0.839 1.135 < 0.001
Dual Before - Dual After -0.004 -0.048 0.040 0.859

L, Hexagonal side length; P, Hexagonal angle deformation; T1, Short diagonal of 
the hexagon; T2, Long diagonal of the hexagon; O, Concentricity; RF, Rotational 
freedom; MD, Mean Difference; CI, Confidence Interval; L, Lower Bound; U, 
Upper Bound
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In the initial phase of the study, no significant differ-
ences were observed between restorations concerning 
key connection parameters, which can be attributed to 
the precision of the manufacturing processes employed 
for both groups [40], indicating that both restora-
tion types were initially comparable in their structural 

integrity and fit. However, the one notable exception was 
rotational freedom, which was significantly greater in the 
screw-retained group even before the onset of fabrication 
steps. This difference in rotational freedom can be attrib-
uted to the intrinsic design and material characteristics 
of the abutments used [41]. G1 utilized prefabricated 

Fig. 5 Changes before and after thermomechanical loading in (A) Mean “L,” (B) Mean “P,” (C) “T1,” (D) “T2,” (E) “O,” (F) “RF,” based on the intervention group. 
L, Hexagonal side length; P, Hexagonal angle deformation; T1, Short diagonal of the hexagon; T2, Long diagonal of the hexagon; O, Concentricity; RF, 
Rotational freedom
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titanium abutments, which are known for their precision 
machining and tight tolerances [42–44]. Titanium, being 
a highly biocompatible and ductile material, allows for 
the manufacturing of abutment connections with mini-
mal rotational freedom [45, 46]. The machining process 
for titanium abutments is optimized to achieve extremely 
accurate dimensions, ensuring a snug fit that minimizes 
any rotational movement [47]. G2 employed UCLA abut-
ments made from Co-Cr alloy. Although these abutments 
were also precisely machined, the physical properties of 
Co-Cr differ from those of titanium. Co-Cr is a harder 
and less ductile material [48], which, despite the preci-
sion machining, can result in slightly greater manufac-
turing tolerances [49]. These minor differences in fit can 
lead to an increase in rotational freedom, as the connec-
tion between the abutment and the implant may not be 
as precise as that achieved with titanium.

After thermomechanical loading, significant differ-
ences emerged between the groups, with G2 exhibiting 
considerable changes in connection dimensions, such as 
reduced hexagon side lengths and diagonals, increased 
hexagonal angle deformation, and concentricity. These 
alterations in G2 can be attributed to the cumulative 
effects of the multiple fabrication steps involved in fab-
ricating screw-retained restorations [50, 51]. Each step, 
including casting, porcelain firing, subsequent glazing, 
finishing, and polishing, introduces the potential for 
dimensional changes due to thermal expansion, shrink-
age, and potential distortions [39]. These factors, coupled 
with the stresses imposed by thermomechanical load-
ing [52], likely contributed to the observed dimensional 
changes in G2. In contrast, the dual-retained restora-
tions in G1, which utilized prefabricated abutments with-
out the need for the additional casting and firing steps 
involved in G2, exhibited minimal changes in connec-
tion dimensions, emphasizing the stability and precision 
of this design under loading stresses [53]. Similar to the 
results, In Malaguti et al.‘s study [54], the initial mean 
distances between opposite sides were identical for both 
the hexagonal connections of the cemented abutment 
and the UCLA abutment with the prefabricated connec-
tion. However, after casting, the dimensions of the UCLA 
abutment connection were found to be smaller.

The findings of the present study are consistent with 
previous finite element analyses (FEA), highlighting the 
significance of stress distribution within implant-sup-
ported restorations. FEA studies have emphasized that 
material choice, implant-abutment connection type, 
and restorative design significantly influence the inter-
nal stresses generated under occlusal loading, poten-
tially affecting the structural stability of restorations 
[34–36]. The observed superior dimensional stability and 
reduced rotational freedom in dual-retained restorations 
in this study may reflect more favorable internal stress 

distribution patterns, which corroborate the insights 
gained from these computational analyses.

The intra-group comparisons further reinforce the 
differential impact of the restoration design on connec-
tion stability. In the screw-retained group, significant 
changes were observed in all measured parameters after 
thermomechanical loading, indicating that the stresses 
induced by the fabrication steps, including oxidation 
and heat treatment, and loading process, exacerbated 
its dimensional integrity [52, 55–58]. Similarly, de Vas-
concelos et al. [52] demonstrated that thermomechani-
cal cyclic loading negatively influenced the misfit of cast 
abutments. On the other hand, the dual-retained group 
showed no significant changes before and after loading, 
possibly due to several key factors. First, the use of pre-
fabricated titanium abutments, manufactured with high 
precision, ensured tight tolerances and minimized vari-
ability, resulting in a stable fit between the abutment and 
the implant [59]. Titanium’s excellent mechanical and 
thermal properties, including a low coefficient of thermal 
expansion [60], contributed to maintaining the integrity 
of the connection dimensions during the thermomechan-
ical loading process. Second, unlike G2, G1’s absence of 
multiple fabrication steps further preserved dimensional 
stability. The precise fit of the prefabricated abutments 
minimized the potential for microgaps or misalignments, 
ensuring the implant-abutment interface remained 
unchanged even under mechanical stresses [59]. Collec-
tively, these factors—precision in manufacturing, mate-
rial resilience, absence of complex fabrication steps, and 
the stability of the dual-retained design—contributed to 
the superior performance and dimensional stability of G1 
restorations under thermomechanical loading.

Clinically, the study’s results have significant implica-
tions. Key connection measurements such as hexagonal 
side lengths, hexagonal angle deformation, and hexagon 
diagonals are critical in ensuring the mechanical stabil-
ity of implant-supported restorations [61]. The reduced 
hexagonal side lengths and increased angle deforma-
tion in G2 indicate a loss of structural integrity, which 
could potentially compromise the stability of the restora-
tion over time [62, 63]. Concentricity is another crucial 
parameter, as deviations can lead to uneven stress distri-
bution at the implant-abutment interface, increasing the 
risk of mechanical complications such as screw loosen-
ing or fracture [64]. The observed increase in rotational 
freedom in G2, both before and after loading, is particu-
larly concerning as it suggests that screw-retained resto-
rations may be more prone to micromovements, leading 
to increased wear and potential failure of the abutment 
connection over time [65]. This result contrasts with the 
findings of Vigolo et al., who demonstrated that both 
gold-machined UCLA-type abutments and CAD/CAM 
titanium abutments consistently exhibited a similar 
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degree of rotational freedom between the implant and 
abutment. However, this discrepancy may be attributed 
to the use of a precious metal abutment connection in 
the gold UCLA abutments, which differs in material 
characteristics from the Co-Cr UCLA abutments [66]. In 
a similar study, Kano et al. demonstrated that the cast-
ing stage significantly increased the rotational freedom 
of the UCLA abutment with a prefabricated connection 
compared to the prefabricated abutment [16]. In con-
trast to the study by Kano et al. [16], which investigated 
simplified abutments on external hex implants without 
prosthetic restoration or loading, the present study uti-
lized internal hex conical implants, clinically represen-
tative metal-ceramic restorations, and comprehensive 
fabrication and loading protocols. These methodological 
differences enhance the relevance of the findings to clini-
cal scenarios. The degree of abutment rotational free-
dom in an implant is a significant factor in the long-term 
stability of the connection between these two compo-
nents [61]. Deformation in the anti-rotation area of the 
implant abutment can lead to mechanical complications 
in the implant [65]. Surface irregularities and changes in 
the form of the connection increase rotational freedom, 
which in turn reduces the fit of the abutment implant and 
leads to loosening or fracturing of the abutment screw 
[63, 67]. The presence or creation of a micro gap directly 
causes microleakage and bacterial colonization [68], 
resulting in mechanical degradation of the implant and 
increased micromotion of the restoration, thus creating 
a defective cycle in which bone destruction by bacterial 
toxins or due to mechanical degradation of the implant 
is accelerated in the osseointegrated area [69, 70]. The 
maximum clinically acceptable rotational freedom is 
reported to be 5 degrees. In the present study, after ther-
momechanical loading, the rotational freedom of the 
abutments in both the dual-retained and screw-retained 
groups remained within this acceptable range [71]. From 
a clinical perspective, the findings of this study suggest 
that dual-retained restorations may be advantageous in 
situations where enhanced stability is required, such as 
in high occlusal load zones (e.g., molar regions) or when 
vertical restorative space is limited. Their combined 
retention approach enables the use of prefabricated abut-
ments with simplified cementation and retrievability, 
potentially offering a more stable and practical solution 
compared to screw-retained designs, which may be vul-
nerable to structural deformation under functional load-
ing. It should be emphasized that the clinical significance 
suggested by the results of this study is theoretical and 
based solely on the observed in vitro outcomes. There-
fore, caution must be exercised when translating these 
findings directly into clinical practice, and further clinical 
trials are required to validate these conclusions.

Despite the additional findings provided by this study, 
several limitations must be acknowledged. Firstly, the 
study was conducted in vitro, and while the thermome-
chanical loading aimed to simulate clinical conditions, 
it cannot fully replicate the complex oral environment, 
including factors such as saliva, temperature fluctuations, 
and varying occlusal forces. Future studies with larger 
sample sizes and in vivo evaluations are necessary to con-
firm the clinical relevance of these findings. Moreover, 
the study focused on metal-ceramic restorations, and 
the results may not be directly applicable to all-ceramic 
restorations, which have different material properties 
and behavior under loading. Although the implant-abut-
ment connection geometry remains constant, the type of 
restorative material and associated fabrication technique 
may influence the structural integrity of the connection. 
In metal-ceramic restorations, the casting of the metal 
framework introduces high temperatures, centrifugal 
forces, and potential distortions that can affect the fit 
of the connection. In contrast, all-ceramic restorations 
often employ pressing or CAD/CAM techniques, which 
involve distinct thermal profiles, processing durations, 
and manufacturing approaches, potentially resulting in 
varying mechanical behaviors and stress distributions. 
Lastly, the long-term effects of cyclic loading beyond 
the 500,000 cycles applied in this study remain to be 
explored, as real-world restorations are subjected to mil-
lions of cycles over their lifespan.

Conclusions
Within the limitations of this in vitro study, the following 
conclusions were drawn:

1. Dual-retained metal-ceramic implant restorations 
exhibited superior dimensional stability compared 
to screw-retained restorations following 
thermomechanical loading.

2. Dual-retained restorations demonstrated 
significantly lower rotational freedom relative to 
screw-retained restorations after loading.

3. Screw-retained restorations experienced significant 
dimensional changes and increased rotational 
freedom following thermomechanical loading, 
indicating potential vulnerability under mechanical 
stress conditions.
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