
R E S E A R C H Open Access

© The Author(s) 2024. 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 http://
creativecommons.org/licenses/by-nc-nd/4.0/.

Anniwaer et al. BMC Oral Health          (2024) 24:901 
https://doi.org/10.1186/s12903-024-04680-1

BMC Oral Health

†Annikaer Anniwaer and Aihemaiti Muhetaer contributed equally to 
this work and should be regarded as co-first authors.

*Correspondence:
Cui Huang
huangcui@whu.edu.cn

1State Key Laboratory of Oral & Maxillofacial Reconstruction and 
Regeneration, Key Laboratory of Oral Biomedicine Ministry of Education, 
Hubei Key Laboratory of Stomatology, School & Hospital of Stomatology, 
Wuhan University, #237 Luoyu Road, Hongshan District, Wuhan  
430079, China

Abstract
Background  Mechanical complications affect the stability of implant restorations and are a key concern for clinicians, 
especially with the frequent introduction of new implant designs featuring various structures and materials. This study 
evaluated the effect of different prosthetic index structure types and implant materials on the stress distribution of 
implant restorations using both in silico and in vitro methods.

Methods  Four finite element analysis (FEA) models of implant restorations were created, incorporating two 
prosthetic index structures (cross-fit (CF) and torc-fit (TF)) and two implant materials (titanium and titanium-
zirconium). A static load was applied to each group. An in vitro study using digital image correlation (DIC) with a 
research scenario identical to that of the FEA was conducted for validation. The primary strain, sensitivity index, and 
equivalent von Mises stress were used to evaluate the outcomes.

Results  Changing the implant material from titanium to titanium-zirconium did not significantly affect the stress 
distribution or maximum stress value of other components, except for the implant itself. In the CF group, implants 
with a lower elastic modulus increased the stress on the screw. The TF group showed better stress distribution on the 
abutment and a lower stress value on the screw. The TF group demonstrated similar sensitivity for all components. 
DIC analysis revealed significant differences between TF-TiZr and CF-Ti in terms of the maximum (P < 0.001) and 
minimum principal strains (P < 0.05) on the implants and the minimum principal strains on the investment materials in 
both groups (P < 0.001).

Conclusions  Changes in the implant material significantly affected the maximum stress of the implant. The TF group 
exhibited better structural integrity and reliability.
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Introduction
Fifty years ago, the discovery that titanium implants can 
achieve anchorage in bone tissue through direct bone-to-
implant contact revolutionized the restoration of miss-
ing teeth with dental implants [1]. The structural design 
of these implants continues to evolve to address critical 
clinical situations, with modifications including both 
external and internal alterations.

The mechanical design parameters associated with 
external modifications of the implant body primar-
ily concern the thread type, pitch, depth, and width. 
Changes in these parameters result in different perfor-
mance outcomes for implant restorations. Four finite ele-
ment analyses (FEA) revealed that implants with smaller 
thread sizes and shorter pitch lengths caused greater 
bone stress [2]. Another study comparing the effects of 
different thread profiles on stress distribution in peri-
implant bone revealed that compared with other thread 
types, square threads produced more favorable stress on 
peri-implant hard tissue [3]. Additionally, microthreads 
in the neck portion of the implant increase stress concen-
trations in cortical bone [4].

Internal structural changes have a significant biome-
chanical influence on implant restorations. According 
to the treatment guidance of the International Team for 
Implantology (ITI), at least eight interfaces exist within 
implant restorations and are significantly influenced 
by changes in connection type [5]. These modifications 
notably affect force transmission within the internal 
structure. Implants with an external connection exhibit 
more stress in the screws under oblique loading than do 
those with an internal connection [6]. Furthermore, a 
greater internal connection angle led to less screw loos-
ening due to loading, indicating improved preload main-
tenance [7]. According to a retrospective study, abutment 
fractures occurred more frequently within single crowns 
according to the positioning index [8]. Therefore, each 
structural change significantly influences the stress-
related performance of different implant designs.

Stress, defined as the pressure exerted on the cross-sec-
tional area of a substance, is closely connected to defor-
mation or fracture and is the main cause of mechanical 
complications in the clinic. This value is strongly affected 
by the chemical composition and microscopic structure 
of the material. Therefore, stress-related performance 
differences in implant systems are crucial for prevent-
ing serious complications. Titanium-related materials 
are considered ideal for dental implants [9]. With the 
improvement of titanium-related binary alloys [10], a 
wider range of materials with varying biomechanical per-
formances are now available [11]. The advancement of 
materials science has also introduced nonmetallic mate-
rials for implant and abutment selection [12]. However, 
these innovative nonmetallic materials still carry a risk 

of abrasion in the connecting part and fracture under 
functional loads [13, 14]. Metallic materials remain the 
primary choice in most clinical scenarios. While implant 
materials often undergo modifications to enhance their 
mechanical properties, such alterations are less frequent 
in abutment materials. The potential effect of these mate-
rial differences on the biomechanical properties of the 
entire implant system is still being investigated. Addi-
tionally, it is worthwhile to examine the stress-related 
sensitivity of each component under both material and 
structural factors.

Therefore, this stress analysis aimed to assess the bio-
mechanical effect of implant material and connection 
type on implant restorations in silico and in vitro. The 
experimental hypotheses were that differences in implant 
material would present significant differences in the bio-
mechanical capacities of all components in the implant 
system, and each test result would vary across different 
structure groups.

Methods
In silico analysis method
Finite element modeling
3D models of implant restoration were created using 
computer-aided design software based on micro-CT 
images and product descriptions. Images of the implant-
related metal structures were obtained using micro-CT 
(Sky Scan 1276, Germany) and reconstructed and mea-
sured using reconstruction software (NRecon 1.7.4.6, 
Germany; Mimics Research 21.0, Belgium). Modeling 
software (SolidWorks, USA) was used to produce more 
precise 3D models.

For both groups, a simplified crown made of cobalt-
chromium alloy (Co-Cr) was reconstructed according 
to the International Organization for Standardization 
(ISO)-14801:2016 standards. These models were distrib-
uted in their respective study groups: the cross-fit (CF) 
group, consisting of a titanium implant (4.8 × 12  mm; 
BL, Straumann) and titanium abutment (RC Variobase, 
Straumann); and the torc-fit (TF) group, comprising a 
titanium implant (4.5 × 12  mm; BLX, Straumann) and 
titanium abutment (RB Variobase, Straumann). The CF 
group was considered the control group. Furthermore, 
the two aforementioned groups were divided into four 
subgroups based on alterations in implant materials from 
titanium alloy to titanium-zirconium alloy: CF-Ti, CF-
TiZr, TF-Ti, and TF-TiZr. Micro-CT images of the actual 
implant restorations validated the assembly of each 3D 
component in the two groups (Fig.  1). All assembled 
models were solidified in cylindrical investment material 
(H: 18 mm; D: 30 mm) that could be attached to a plat-
form with a 30-degree incline.
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Finite element analysis
The 3D models were imported into computer-aided engi-
neering software (ANSYS Workbench ver. 13.0, USA) for 
finite element analysis. The materials were assumed to be 
isotropic, homogeneous, and linearly elastic. The con-
tacts were considered to have intimate contact (no fric-
tion) except for the implant/abutment, abutment/screw, 
and screw/implant interfaces, where a coefficient of fric-
tion of 0.30 was applied for the titanium-titanium [15]. 
The values for Young’s modulus and Poisson’s ratio are 
described in Table 1 [16–23]. The screw torque followed 
the manufacturer’s guidelines of 35 N/cm for each group. 
To define the screw torque, a body force was applied 
to the middle part of the abutment screw shank where 
screw elongation was expected with tightening.

A load of 130  N at a 30-degree angle relative to the 
implant axis at the top portion of the crowns was 
applied in each group [24]. During mesh generation, the 
SOLID187 element type was selected. The element sizes 
were customized to 2.0  mm for the investment mate-
rial, 0.5  mm for the implant-associated components, 
and 0.1 mm for the threads. To ensure a mesh-size-inde-
pendent and stable solution, particularly in the impact 
zone, a refinement process was implemented to ensure 
the utmost precision in this critical area. Additionally, 
the mesh quality was rigorously evaluated using metrics 
such as the Jacobian ratio, aspect ratio, maximum cor-
ner angle, and skewness. Finally, a convergence test was 
performed, in which the mesh density was progressively 
increased until the maximum stress in the implant exhib-
ited a variation of less than 5%, thus ensuring the reli-
ability of the results. A supercomputer (32C96G, Intel(R) 
Xeon(R) Gold 6130 CPU @ 2.10  GHz) was utilized to 
increase the computational speed and accuracy. The 
models with triangular surfaces presented various num-
bers of elements and nodes, as depicted in Table 2.

In vitro mechanical test
Model fabrication and experimental setting
A priori power analysis using G*Power software [25] was 
conducted based on the results of the pilot study and 
previous research, with an effect size of 2.5, a power of 
95%, and an α of 0.05. It was determined that 5 speci-
mens per group would be sufficient. Ten commercial 

Table 1  Materials properties
Structure Materials Young’s 

modulus 
(GPa)

Pois-
son’s 
ratio

Data 
from

CF Implant Ti-Grade4 110 0.33  [16]
TF Implant Ti-Grade4 110 0.33  [16]
CF Implant Ti-Zr 96.12 0.3  [17, 18]
TF Implant Ti-Zr 96.12 0.3  [17, 18]
Abutment/Screw TAN(TiAlNb) 110 0.37  [19, 20]
Crown Co-Cr 220 0.30  [21]
Investment Materials 
(Base)

PMMA 8.3 0.28  [22]

Resin Z100 18 0.24  [23]

Fig. 1  Assembly of each 3D component in the two groups. (a: Validation of the assembling relation; b: final assembled model; c: top view of the pros-
thetic index structures)
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implants, representing the CF-Ti group and the TF-TiZr 
group, were embedded in the center of a cylindrical sili-
cone mold filled with polymethyl methacrylate material 
(Truer, China). This procedure was performed under the 
guidance of a 3 mm thick CAD/CAM guide plate, which 
ensured a consistent correct position, axial alignment, 
and a 3 mm distance between the implant shoulder and 
the first implant-resin contact, in accordance with ISO-
14801:2016. All specimens were solidified in a polymethyl 
methacrylate cylinder base (H: 18  mm; D: 30  mm) and 
could be fixed on the center of a specially made loading 
platform with a 30° slope. For these samples, the match-
ing abutment and crown were assembled, and all screws 
were tightened to 35 N/cm.

In this in vitro mechanical test, a digital image corre-
lation measurement system (VIC-2D; Correlated Solu-
tions) was used to measure the full-field displacements 
and surface strains of the material samples. Speckle pat-
terns were randomly placed on the surface of the speci-
mens, which had already been painted white by spraying 

the black coating material in free-fall from the same dis-
tance. Then, an in vitro mechanical test was conducted 
for the three implant systems in this study. The crown 
was gradually loaded with an axial 130 N load on its top 
portion over a period of 0.5  s using a universal testing 
machine (E1000, INSTRON, USA).

Digital Image Correlation (DIC) measurements
An experimental framework utilizing a digital image 
correlation (DIC) system was employed to quantify the 
full-field deformation and surface strain of each implant 
system. The system consisted of a camera equipped 
with charge-coupled devices (FASTCAM SA5, Photron, 
Japan) and Nikon lenses, set at a resolution of 1024 × 1024 
pixels. The camera had a measurement frequency of 500 
frames/second. To enhance the visibility and contrast 
of the surface speckle pattern, a light-emitting diode 
lamp with polarized filters was used (Fig. 2). The region 
of interest for DIC and strain measurement was set at a 
size of 50 × 30 pixels at the abutment, implant wall, and 
investment material for all specimens. The linear strain 
algorithm in VIC 2D software (Correlated Solutions, 
USA) was utilized to calculate the average strains based 
on the displacements at the data points. The recorded 
strains included the maximum (e1) and minimum (e2) 
principal strains, which were analyzed for each test. The 
normality of the independent samples was assessed using 
the Shapiro‒Wilk test to ensure the validity of subse-
quent parametric analyses. After confirming normality, 
an independent samples t test was conducted to compare 
the mean values between the groups. All the statistical 
analyses were performed using SPSS Statistics version 
23 (IBM, USA), with a significance level set at P < 0.05 to 
determine the statistical significance and ensure rigorous 
evaluation of the results.

Table 2  The final results of the 3D FE models
Materials Node Element
Crown CF 11,846 7421

TF 11,809 7487
Abutment CF 8931 4884

TF 28,924 16,245
Screw CF 15,697 8956

TF 17,582 9981
Implant CF 217,661 128,388

TF 252,952 145,826
Investment Materials (Base) CF 203,169 123,641

TF 247,521 152,084
Resin CF 2234 435

TF 1689 325

Fig. 2  DIC process for each group
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Results
Overall stress distribution
The FEA results showed that when the screws were tight-
ened and static loads were applied, stress was distrib-
uted throughout the entire screw body in each system. 
There was less stress on the screw head but more stress 
on the screw thread. The abutment and investment mate-
rial exhibited the lowest maximum stress values. The TF 
group demonstrated a more favorable stress distribution 
on the abutment but had greater stress on the overall 
implant body. The change in implant alloy type did not 
significantly affect the stress distribution in each compo-
nent (Fig. 3).

The principal strain and maximum Von Mises stress of the 
implant systems
For in vitro evaluation, the principal strains of the two 
groups were tested using digital image correlation 
methods. The maximum principal strains were tensile, 
whereas the minimum principal strains were compres-
sive around the transmucosal part of the abutment, cer-
vix of the implant, and investment material. Structural 
design differences may not have a noticeable influence on 
the two types of principal strain in the abutment of the 
two implant systems (P > 0.05). However, significant dif-
ferences were observed in the maximum (P < 0.001) and 
minimum principal strains on the implant (P < 0.05), as 
well as in the minimum principal strains on the invest-
ment materials between the two groups (P < 0.001) 
(Fig. 4).

Fig. 3  Equivalent stress distribution of each component in the two systems
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According to the FEA results, the stress pattern dif-
fered between the two implant systems. The differences 
in the maximum stress were primarily concentrated 
on the abutment, screw, and implant. In the CF-TiZr 
group, the maximum stress was greater than that in the 
other groups, reaching 1019  MPa. On the other hand, 
the TF-Ti group exhibited the highest maximum stress, 
with the stress of the implants reaching 602  MPa and 
that of the abutments reaching 237 MPa. The change in 
implant alloy type did not have a significant impact on 
the maximum stress in the abutment or the investment 
materials, but it did have a greater effect on the maxi-
mum stress in the implant itself. Additionally, when the 
implant material was changed from titanium to titanium-
zirconium, the maximum stress of the screw in the CF 
group increased significantly from 958 MPa to 1019 MPa 
(Fig. 5).

Sensitivity analysis
To investigate how the variation in implant materials or 
structure affects the stress distribution in each structure 

of implant restorations under loads, a sensitivity analysis 
based on the von Mises maximum and minimum stress 
values from the FEA results was conducted [26].

	
Sensitivity (%)
= (Max. stress − Min. stress)/Max. stress × 100%

A summary of the analyses is presented in Fig. 6. The sen-
sitivity analysis revealed that the sensitivity to connection 
alterations exceeded that of implant material alterations 
for each component. Specifically, these factors had the 
least influence on the abutments, especially in the CF 
group. However, the TF group demonstrated similar sen-
sitivity in the screw, abutment, implant, and bone, which 
indicates that they may have better stress distribution as 
a whole rigid part.

DIC validation
The surface strains and full-field deformation of both 
implant systems were measured experimentally using the 
DIC system. It is noteworthy that the deformation con-
tours obtained through the DIC technique aligned with 
the numerical outcomes for all the prostheses, and the 
strain trend was consistent with the stress results of the 
FEA, indicating the accuracy and efficiency of the model 
construction (Fig.  7). However, the experimental strains 
exhibited some concentrations in the form of artifacts 
at the abutment and implant regions. Achieving a per-
fect match between the DIC strain contour distribution 
and magnitude with those of FEA can be challenging 
due to the small strain measurements involved [27]. The 
complex structure of the implant-supported prosthesis 
model, the small size of the regions of interest, and the 
obstruction of surface speckle patterns could be contrib-
uting factors to this issue.

Discussion
In this study, two 3D models of implant restorations 
were created using micro-CT images and product pro-
files, which differed in terms of their connection type. 
Two distinct Young’s moduli were incorporated into the 
implant, resulting in the formation of four subgroups. 
We then analyzed the influence of material and struc-
ture on the stress and distribution of each component in 
the implant restorations. The materials used and loading 
conditions followed strict adherence to ISO standards 
and relevant previous research, ensuring the acceptability 
of the study’s results for analysis and comparison.

To enhance the reliability of the FEA results, digital 
image correlation methods were employed to observe 
the strain conditions of two existing commercial implant 
systems (CF-Ti and TF-TiZr) under identical experimen-
tal conditions. Our findings revealed that the stress val-
ues and distribution of each component change when 

Fig. 5  Maximum von Mises equivalent stress of each component in the 
three groups (MPa).

 

Fig. 4  Strain data: e1 represents the maximum and e2 represents the 
minimum principal strains. (A: abutment; I: implant; B: base; **: P < 0.01, 
***: P < 0.001)
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transitioning from CF to TF structures. Among the 
affected components, the screw is the most influenced, 
followed by the abutment and implant. Furthermore, 
compared with changes in the other components, mate-
rial changes in the implant had a greater impact on the 
maximum stress of the implant itself in the TF group. 
However, such material changes significantly affected 
both the maximum stress of the screw and implant in 
the CF group, both in vitro and in silico. Additionally, the 
TF group demonstrated similar sensitivities to the screw, 
abutment, implant, and investment material, suggesting 
better stress distribution as a whole rigid part. Therefore, 
our study refutes the first experimental hypothesis and 
proposes the second as an alternative explanation.

The mechanical characteristics of materials are 
determined by several factors at the chemical and 

microstructure levels, including changes in bond energy, 
atom size, types of chemical bonds, crystal size, num-
ber of crystal borders, and dislocation density. Con-
sequently, the material type has a profound influence 
on the mechanical properties of each material. In this 
study, implant-related components made from the same 
material were assembled with two different types of 
implants, namely, titanium and titanium-zirconium. The 
FEA results indicated that changing the material in the 
implant primarily affected the stress value within the 
implant itself, with no significant stress changes observed 
in the other related components. This conclusion is fur-
ther supported by the DIC results. Previous investiga-
tions have revealed that the mechanical properties of 
implant restorations are affected by material differences 
between their components. For instance, a systematic 

Fig. 6  Sensitivity analysis results for each group
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analysis of 90 studies demonstrated that zirconia abut-
ments produce more wear at the interface between the 
abutment and the titanium implant [28]. This finding is 
consistent with an earlier study suggesting that differ-
ences in material hardness can lead to varying levels of 
wear [29]. Furthermore, zirconia abutments tend to con-
centrate more stress throughout the prosthetic system 
and may be more prone to mechanical problems than 
titanium abutments [30]. Another stress analysis revealed 
that titanium implants result in a more uniform stress 
distribution than zirconium implants [31]. Interestingly, 
in this study, the influence of material on the outcomes 
was not particularly conspicuous, which is consistent 
with a previous FEA investigation that compared the 
stress distribution differences between tissue-level and 
bone-level implant body designs using commercial tita-
nium and titanium-zirconium implants [32]. This simi-
larity can be attributed to the relatively similar values of 
Young’s modulus and tensile strength between the two 
materials. Specifically, the Young’s moduli of titanium 
and titanium-zirconium are approximately 110 GPa 
and 96.12 GPa, respectively, and the tensile strengths 
of titanium and titanium-zirconium are approximately 
851  MPa and 968  MPa, respectively. Therefore, in the 
current scenario, a change in the metallic material used 
for assembly may not significantly affect the force trans-
fer as long as the assembly relations are correct. However, 
it is worth mentioning that this study did not involve in 
vitro testing of different implant materials with the same 
structure, as such commercial product types are not yet 

available. Therefore, further confirmation of this conclu-
sion through in vitro testing is still necessary.

The implant-abutment interface (IAI) is a critical con-
nection between the implant and abutment and plays a 
crucial role in the biological stability of the implant by 
ensuring microgap sealing. This sealing is essential for 
joint strength and stability [33]. In internal connection 
implant systems, the IAI consists of connection and pros-
thetic index parts. The connection parts can be catego-
rized as external or internal, depending on whether the 
mating components are recessed into the implant body. 
Additionally, these connection parts can be classified as 
conical or nonconical based on the presence or absence 
of a tapered design. The tapered design has different 
effects on implant restorations. A systematic review 
was conducted to compare the performance of internal 
tapered and internal nontapered connections, and the 
results showed that the tapered connection exhibited sig-
nificantly reduced marginal bone loss and probing depths 
compared to the nontapered connection [34]. Another 
study also confirmed that the tapered connection may be 
a more favorable treatment option, as it preserves more 
peri-implant bone and reduces the risk of prosthodontic 
complications [35]. Another important component of the 
IAI is the prosthetic index, which is a special structure 
designed to resist rotation or twisting forces. These parts 
are commonly used on the abutment bottom surfaces 
to stabilize the upper structure, thereby making each 
component of the implant restorations a rigid whole. In 
an in vitro study, it was found that engaging abutments 

Fig. 7  Correlation between the FEA and DIC results
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are 17 times more stable than prostheses supported by 
nonengaging abutments [36]. Furthermore, different 
types of engagement systems have varying effects on the 
mechanical properties of structures. Previous studies 
have shown that abutment connections with CFs signifi-
cantly decrease lateral movement [37], and a new con-
nection called the octatorx has a smaller microgap and 
greater torque resistance than the traditional internal 
hexagon connection [38]. In this study, two commercial 
conical implant systems with different prosthetic indices 
were utilized: a conical connection with the CF index and 
a conical connection with the TF index. This difference 
results in varying stress values in each component, even 
though the Young’s modulus of the implant in the CF and 
TF groups was altered to that of titanium and titanium-
zirconium. The maximum stress value was found in the 
CF groups. The TF design provides an enlarged contact 
surface, increasing the friction-based retention force 
for the abutment and reducing the reliance on screws 
for retention. This leads to a transfer of stress from the 
screws to other components in the TF groups, resulting 
in decreased stress on the screws. The FEA results indi-
cate a larger stress distribution area and greater stress on 
the TF abutment neck, supporting the aforementioned 
hypothesis. Conversely, the CF group exhibited relatively 
greater stress on the screw. The differences in abutment 
sensitivity among the four groups also support this con-
clusion. An in vitro study evaluating the removal torque 
for TF and CF revealed that the CF groups exhibited 
greater removal torque than did the TF group, which 
may suggest that the screws in the CF groups were under 
greater stress [39]. Therefore, structural design remains 
the primary factor affecting the mechanical properties of 
implant restorations. However, further multiscale evalu-
ations focusing on the micromovement and integrity of 
this connection type in vitro are still needed.

Although FEA is commonly used in solid mechanics to 
solve partial differential equations, it is still necessary to 
validate FEA to ensure that the simulation results accu-
rately reflect real-world results. Digital photoelasticity 
takes advantage of the fact that birefringent bodies can 
provide stress information through color fringe patterns 
[40]. On the other hand, DIC is a full-field strain gauging 
method that captures the speckle on an object and mea-
sures displacement [41, 42]. Some studies validate FEA 
results by comparing the scanning electron microscopy 
(SEM) image of the crack structure after fatigue testing 
with the stress concentration results obtained through 
FEA [43]. In addition, retrospective clinical data on 
stress-related complications are also used to validate FEA 
results in certain research studies [44]. In this particular 
study, the authenticity of the mimics was improved by 
using micro-CT images and product descriptions, but 
DIC methods were still employed to confirm the stress 

analysis results. It is worth noting that the deformation 
contours obtained through DIC agreed with the FEA 
results in the contrasting groups. However, even though 
the conditions of the in vitro experiment were consis-
tent with those of the FEA, a higher level of consistency 
in the deformation results between the two studies was 
not achieved at the numerical level. This could be attrib-
uted to the complexity of the implant-supported prosthe-
sis model, the limited size of regions of interest, and the 
obstruction of surface speckle patterns. Therefore, addi-
tional multiscale evaluation techniques are still required 
to validate the FEA results. Furthermore, the Shapiro‒
Wilk test is commonly used to assess the normality of 
a sample. However, it is important to acknowledge that 
this test has certain assumptions and limitations. One of 
the main assumptions of the Shapiro‒Wilk test is that the 
data are independently and identically distributed. Viola-
tions of this assumption can lead to inaccurate results. 
Additionally, the Shapiro‒Wilk test may be sensitive to 
outliers and small sample sizes, which could affect its 
reliability in certain cases. Moreover, due to the lack of 
commercially available research models for the CF-TiZr 
and TF-Ti groups, the validation was limited to the CF-Ti 
and TF-TiZr groups. Nevertheless, this limitation can 
still provide valuable insights into the accuracy of model 
creation and enhance the informativeness of the stress 
results. Furthermore, whereas the static loading mode 
utilized in this study has been implemented in numer-
ous established experimental models, the selection and 
refinement of loading modes may offer a more precise 
representation of clinical outcomes. Although this study 
was the first to examine the newly introduced implant-
abutment connection (IAC) TF, it was solely compared 
to the already established implant-abutment connection 
of the same brand. As a result, the study’s limitation lies 
in its focus on only one implant system and two IACs; 
therefore, the findings should not be extrapolated to 
other implant systems and IACs.

Conclusion
Changes in the implant alloy type had no significant 
impact on the maximum stress of the abutment, screw, 
or investment materials. However, it did affect the maxi-
mum stress of the implant itself. Variations in structural 
differences result in varying sensitivities of implant sys-
tems to changes in implant materials. Nevertheless, the 
TF groups exhibited sufficient stability and reliabil-
ity even with such changes. This study provides a valu-
able modeling reference for clinicians when selecting an 
appropriate implant-abutment connection system. Fur-
thermore, this study can assist dental implant research-
ers in optimizing the design of dental implants while also 
acknowledging the limitations of this FEA.
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