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Abstract
Background. The effect of the macrogeometry of dental implants with double trapezoidal threads on the 
probability of survival and the long-term success of oral rehabilitation is unclear.

Objectives. The purpose of this in vitro study was to evaluate the effect of dental implant macrogeometry 
on the probability of survival, failure mode and strain distribution of an implant–abutment set. 

Material and methods. Dental implants were divided into 2 groups according to their macrogeometry 
(n = 21 per group): trapezoidal thread (control group); and double trapezoidal thread (test group). 
The macrogeometry analysis was performed with the use of computed microtomography (n = 1). 
The specimens were subjected to single load to failure (SLF) (n  =  3), which permitted the step-stress 
profiles for design-based step-stress accelerated life testing (SSALT) (n = 18). The probability of survival 
and reliability for a mission of 50,000 cycles were calculated at 100 N and 150 N. The scanning electron 
microscope (SEM) was used to analyze the failure mode of the implant–abutment set. The digital image 
correlation (DIC) (n = 3) was performed using the implant–abutment set embedded in a polyurethane 
resin subjected to a static load of 250 N in axial and non-axial positions.

Results. No statistically significant differences were observed between the groups with respect to the 
probability of survival. All groups showed a reliability level higher than 95% at 100 N, while a decrease 
in reliability was observed at 150 N. The Weibull modulus and characteristic resistance exhibited no sig-
nificant differences between the groups. The β mean values (control = 0.66, test = 0.33) indicated that 
failures were dictated by material strength. The SEM revealed an  abutment and implant body fracture, 
characterized by fracture initiation on the lingual surface that subsequently propagated to the opposing 
buccal side. In the context of non-axial loading, the test group exhibited a higher concentration of tensile 
strain in the cervical region (152.05 µs), while the control group exhibited a predominance of compression 
strain (−800.00 µs).

Conclusions. The macrogeometry of dental implants did not influence the failure mode and probability 
of survival, but modified the strain distribution of the implant–abutment set.
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Introduction
The predictability and long-term success rate of dental 

implant treatment have been related to several factors, 
including material biocompatibility, management of sur-
gical technique, bone quality, loading conditions, surface 
treatments, and implant geometry.1,2 Implant geometry 
refers to the three-dimensional implant structure, and 
may be categorized into 2 modalities, namely macro
geometry and microgeometry. Macrogeometry refers to the 
prosthetic connection, implant body and thread design, 
while microgeometry is related to the surface treatment, 
surface morphology and implant material.3,4 The macrogeo
metry of  dental implants comprises factors such as 
implant diameter, length, surface characteristics, and 
thread design.

New dental implant macrogeometries, which include 
models with deep threads and a  smaller thread pitch, 
were developed to increase primary implant stability and 
improve strain distribution to the peri-implant bone, 
especially in cases of  low bone quality (III and IV bone 
type), implant placement after extraction, and immediate 
loading protocols.3–5 The macrogeometry of  implants is 
related to the longevity of treatment, because it determines 
bone-to-implant contact, masticatory strain distribution 
and the mechanical strength of the implant.3–5

Mechanical complications are frequent in implant 
dentistry. Preclinical studies can simulate the condi-
tions present in the oral environment and predict clini-
cal performance. One of  the mechanical complications 
is implant fracture. An inadequate implant diameter and 
length, especially in cases of compromised bone quality 
or high occlusal forces, can increase the risk of  implant 
fracture, compromising the overall implant stability and 
longevity. Additionally, the lack of  a  suitable thread 
design and surface characteristics can further exacerbate 
this risk. Another complication associated with macro
geometry is screw loosening. An  insufficient implant 
diameter, thread pitch or inadequate surface roughness 
can result in ineffective retention of the abutment screw. 
This can lead to improper load distribution, compro-
mised esthetics and implant failure over time.6–10 While 
static testing can be helpful in ranking different implant 
systems’ load to failure performance, structural failure is 

time-dependent as  a  function of  the implant–abutment 
set. Higher complication rates have been observed with 
longer usage times. Therefore, the fatigue test is considered 
a clinically relevant predictor of material strength.11 Some 
authors have evaluated the influence of macrogeometry 
on the fatigue behavior of dental implants,12–18 and most 
of them found that the diameter of the implant influences 
the fatigue behavior,14–16 whereas the influence of the 
characteristics of the implant thread on the fatigue behav-
ior of the implant–abutment set is uncertain.19 

Digital image correlation (DIC) is a non-contact opti-
cal method used to evaluate the strain distribution on 
the surface of  a  material during a  mechanical test. To 
that end, several images are captured using a  camera 
and analyzed by specialized software, which calculates 
the displacement of  the surface points.20,21 A  number 
of  studies have compared the results of  DIC with those 
of photoelasticity22 and finite element analysis (FEA).23,24 

The authors found that the distribution of surface defor-
mation is comparable, thereby validating the model and 
visualizing the strain distribution of dental implants and 
implant-supported protheses.22–28 Therefore, the purpose 
of this study was to evaluate the failure mode and prob-
ability of survival of the implant–abutment set, composed 
of dental implants with internal conical connection and 
different microgeometries. These implants were sub-
jected to step-stress accelerated life testing (SSALT) and 
strain distribution using DIC. The null hypothesis stated 
that the macrogeometry of dental implants with internal 
conical connection does not influence the failure mode, 
probability of  survival and strain distribution of  the 
implant–abutment set.

Material and methods
Titanium dental implants with a  conical shape and 

internal conical connection were divided into 2 groups 
(n  =  21 per group), according to their macrogeometry: 
a control group, represented by implants with trapezoidal 
threads (CM implants; Singular Implants, Parnamirim, 
Brazil); and a  test group, represented by implants with 
double trapezoidal threads (Go Direct CM; Singular 
Implants) (Fig. 1, Table 1).

Highlights

	• The macrogeometry of dental implants, including parallel and double trapezoidal threads, did not affect the failure 
mode or survival probability under clinically relevant loads for anterior teeth.

	• Both implant designs exhibited high reliability (95–98%) at 100 N, but reliability decreased at higher loads (150 N).
	• Double trapezoidal threads caused higher tensile strain in the cervical region under non-axial loading, potentially 

increasing fracture risk in the implant–abutment assembly.
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The probability of  survival was determined using 
SSALT.14,15,17–19,25 The implants were positioned in a 30° 
inclination matrix according to ISO 14801:2016, and 
embedded in a polyurethane resin with the implant platform 
positioned 3 mm above the resin level, simulating 3 mm 
of  bone resorption. The prefabricated universal abut-
ments (Singular Implants) were then connected to the 
implants, tightened using a digital torque gauge (TQ-680; 
Instrutherm, São Paulo, Brazil) (32 N·cm), and covered 
with a  stainless steel hemispherical loading member. 
Three specimens from each group were subjected to sin-
gle load to fracture (SLF) in a universal testing machine 
(Biopdi, São Paulo, Brazil), with a 1000-kgf load cell and 
a displacement of 1 mm/min. Three loading profiles were 
designed for SSALT (n = 18) (Fig. 2) and labeled as light 
(n = 9), moderate (n = 6) or aggressive (n = 3), according to 
the ratio distribution of 3:2:1.11,15,17–19,25 The force used in 
each loading profile ranged between 20% and 60% of the 
SLF mean value.11 Step-stress accelerated life testing was 
performed using a fatigue test equipment (Biopdi), with 

an  isometric loading protocol, 4 Hz, in water at 37°C 
(Fig. 3). The specimens were cycled until failure or until 
reaching the loading limit. At the end of each cycle, they 
were analyzed to verify the presence of any deformations 
and/or fractures.

The failure mode analysis (n = 3) was performed quali-
tatively using a  scanning electron microscope (SEM) 
(EVO MA10; Zeiss, Oberkochen, Germany) under ×90 
and ×500 magnification to identify the origin and direc-
tion of crack propagation.

A qualitative analysis was conducted by means of com-
puted microtomography (n  =  1) (SkyScan 1176; Bruker, 
Kontich, Belgium) using the following scanning parame-
ters: 90 kV; 272 mA; a copper (Cu) filter with an exposure 
time of  81 ms per image in 360°; 9-µm isotropic voxel; 
and a frame of 4. The images were obtained before SSALT 
and reconstructed using the NRecon v.1.6.9.18 software 
(Bruker). The image of the implant with the best quality 
was selected. The analysis of  implant macrogeometry 
(wall thickness, depth and thread pitch) was performed 
using the linear measurement tool of the CTan software, 
v.1.14.4.1+ (Bruker).

Fig. 1. Dental implants evaluated in the study

A. Implant with a trapezoidal thread (control group); B. Implant with a double 
trapezoidal thread (test group).

Table 1. Characteristics of dental implants used in the study

Characteristic Control group Test group

Commercial name CM implants (Singular Implants, Parnamirim, Brazil) Cone Morse Go Direct (Singular Implants, Parnamirim, Brazil)

Diameter  
[mm]

3.5 3.5

Length  
[mm]

11.5 11.5

Indication III and IV bone types I, II, III, and IV bone types

Cervical zone presents at 0.4 mm between the platform and the threads
presents at 1.0 mm with pyramidal microthreads, improving secondary 

stability and preventing bone loss

Body cylindrical with a conical apex
the body diameter is larger than the platform diameter, and it has a 

conical apex with a 0.6-mm chamfer

Active apex soft, rounded, small tip and 3 flutes soft, rounded, small tip and 1 helicoidal flute

External threads trapezoidal double trapezoidal

Thread pitch  
[mm]

0.80 1.00

Thread depth  
[mm]

0.40 0.40–0.55

Fig. 2. Graphic representation of loading profiles designed for step-stress 
accelerated life testing (SSALT) 
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The distribution of  strain around the implant was 
analyzed using DIC (n  =  3).21–24,26–28 The master model 
of  polymethylmethacrylate (PMMA) was made with 
dimensions of 55 mm × 30 mm × 14 mm (length, height 
and depth, respectively), and the implant–abutment set 
was fixed with cyanoacrylate glue (Super Bonder; Loctite, 
São Paulo, Brazil). After 24 h, an impression of the PMMA 
master model was obtained using silicone (Silikon; 
Odontomega, Ribeirão Preto, Brazil). The implant–
abutment set was embedded in polyurethane resin (F16; 
Axson Technologies, Cergy, France), thereby capturing 
the predefined position of  the implant. The surface of 
each model was coated with a  thin layer of  white paint 
(Colorgin Premium; Colorgin, Taboão da Serra, Brazil) 
and with small black spray dots (Colorgin) (Fig. 4).22,26,27 
A random surface pattern was applied to all models with 
speckles simultaneously, and it was calibrated using 
a plate with black dots provided by the manufacturer.

The digital image correlation complete system 
(StrainMaster; Polytec GmbH, Waldbronn, Germany) 
included 2 charge-coupled device (CCD) digital cameras 
(Imager E-lite 2M, 1101132; LaVision GmbH, Göttingen, 
Germany), with a  resolution of  1,039 × 1,395 pixels, 
which were used to capture images of  the model under 
loading. The DaVis 8.0 software (LaVision GmbH) was 
employed for image analysis and strain calculation. Two 
types of  load application were used: axial (model posi-
tioned horizontally); and non-axial (model positioned 
on an acrylic base with an angle of 30°). Static loads were 
applied using a  universal testing machine (Biopdi) with 
a  load cell of 50 kgf, a  test speed of 1 mm/min, and up 
to a  load of  250  N.22,26,27 During load application, point 
dislodgement was tracked by the software in order to 
calculate the strain on the model surface. The qualitative 

analysis of  the images was based on a  color scale, with 
positive values (ranging from yellow to red) denoting ten-
sile strain and negative values (ranging from green to blue) 
indicating compressive strain. To ensure the repeatability 
and reliability of the DIC, 3 loadings were performed on 
each model, and the results were analyzed.

Statistical analysis 

For SSALT, the use level probability Weibull curve 
(probability of  failure vs. the number of cycles) was cal-
culated (Alta Pro 9; ReliaSoft, Tucson, USA) using as 
a parameter 60% of the maximum load found in SLF and 
a  bilateral 90% confidence interval (CI). The reliability 
was calculated for a mission of 50,000 cycles at 100 N and 
150 N, and the differences between these missions were 
identified through the implementation of the Weibull cal-
culation with a two-way 90% CI.

Results
The mean values obtained in SLF were 539.86 N for the 

control group and 676.12 N for the test group. The mean 
of the 2 groups (607.99 N) was used to establish the applied 
load on the SSALT light, moderate and aggressive load-
ing profiles. The β mean values derived from the use level 
probability Weibull plot (two-way 90% CI) were 0.66 and 
0.33 for the control and test groups, respectively. These 
findings indicate that failures were dictated by material 
strength, which is associated with premature failures and 
not with fatigue damage accumulation. The results of the 
Weibull distribution (Weibull modulus (m) and character-
istic resistance (η)) demonstrated no differences between 
the groups, considering the overlap of CIs (Fig. 5).

The reliability of  the mission (50,000 cycles) at 100 N 
and 150 N showed no significant differences between the 
groups (Table 2). The probability of survival decreased for 

Fig. 4. Polyurethane model with small black dots showing the region 
analyzed using digital image correlation (DIC) with vertical distance 
measurement along the implant

Fig. 3. Implant–abutment hemispherical loading member positioned for SSALT
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both groups at 150 N, indicating that cumulative damage 
at higher loadings is associated with lower survival, espe-
cially in the test group (57%).

All specimens failed after SSALT, and the failure was 
restricted to fractures in the abutment and implant, spe-
cifically between the region of  the third thread of  the 
implant and the first thread of  the abutment. The SEM 
micrographs demonstrated the failure mode of fractured 
specimens. The fracture’s initiation was attributed to 
tensile strain on the lingual surface, with propagation to 
the buccal surface. A  representative image of  the SEM 
revealed the fracture origin, crack propagation direction 
(Fig. 6A,B) and the presence of longitudinal cracks on the 
internal walls of the hexagon vertex (Fig. 6C,D).

Fig. 5. Weibull contour plot

MLE – maximum likelihood estimation; SRM – standard regression 
method; FM – Fisher matrix; MED – median ranks; F – probability of failure; 
S – probability of survival; C/C – control group; V/V – test group.

Table 2. Reliability calculated for a mission of 50,000 cycles according to 
the applied load

Variable
Control group Test group

100 N 150 N 100 N 150 N

Upper limit 1.00 0.90 0.98 0.71

Reliability 0.98 0.79 0.95 0.57

Lower limit 0.92 0.59 0.87 0.39

β 0.66 0.33

Fig. 6. Scanning electron micrographs of the fractured implant–abutment set after SSALT

A,B. Control group; C,D. Test group; WD – working distance; EHT – extra high tension. The yellow arrows denote the fracture origin, the red arrows indicate 
the direction of crack propagation, and the white arrows represent compressive strain. 
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The two-dimensional qualitative analysis with com-
puted microtomography revealed differences in the 
macrogeometry of  the groups, including thread pitch 
(control  =  0.805  mm, test  =  1.696  mm), thread depth 
(control  =  0.381  mm, test  =  0.402  mm) and wall thick-
ness (control = 0.294 mm, test = 0.304 mm). Furthermore, 
a  difference was observed in the cross-section of  the 
2 implants (control – trapezoidal, test – double trapezoidal).

The strain generated under axial and non-axial loading 
is illustrated in Fig. 7 and 8, respectively. The qualitative 
analysis of DIC showed a predominance of tensile strain 
in the middle and apical regions, and compressive strain 
in the cervical zone in both groups exposed to axial load-
ing. The application of non-axial loading resulted in strain 
concentration in the middle and apical regions of the con-
trol group, and a substantial tensile strain concentration 

in the cervical zone of  the test group. Figure 9 presents 
the distribution of  strain generated along the implant. 
All groups showed similar behavior under axial loading. 
In non-axial loading, the control group demonstrated 
a strain distribution that was analogous to that observed 
in axial loading. Conversely, the test group exhibited 
a predominance of tensile strain concentration, especially 
in the cervical zone.

Discussion
The knowledge about the effect of  dental implant 

macrogeometry on the fatigue behavior of  the implant–
abutment set is important due to its potential to predict 
clinical complications.5,11 Therefore, this study evaluated 

Fig. 7. Surface strain under axial loading at 250 N

A. Control group; B. Test group.

Fig. 8. Surface strain under non-axial loading at 250 N

A. Control group; B. Test group.
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the failure mode and probability of  survival of dental 
implants with internal conical connection and different 
macrogeometries, including differences in the shape, pitch 
and depth of  threads. The null hypothesis was partially 
accepted. The implant macrogeometry had no influence on 
the failure mode or probability of survival; however, there 
was a difference in stress transmission between the groups.

The specimens were subjected to cyclic loading during 
SSALT. The load levels increased successively until fail-
ure or suspension to reproduce the failure modes found 
clinically.11 The results suggest that all implant macro
geometries presented high reliability (95–98%), simu
lating maximum bite forces found in the anterior region 
(100  N). Thus, they can be considered a  reliable option 
for incisors.29,30 In the posterior regions, the load-bearing 
capacity ranged between 300 N and 800 N.31 However, the 
results of the present study should only be compared to 
the load-bearing capacity found in the anterior regions 
due to the positioning of  the specimens at a  30° angle 
and the 3-mm exposure of the implant in the cervical 
region. This configuration simulates a  worst-case scenario. 
On the other hand, loading in posterior crowns occurs 
in axial loading. A non-significant reduction in reliability 
was observed in both groups at 150 N. Bordin et al. found 

a  similar probability of  survival for narrow and extra-
narrow dental implants with internal conical connection 
subjected to SSALT.17 Both groups demonstrated high 
reliability at 50 N and 100 N, and there was a decrease in 
reliability at 150 N and 180 N, though no significant dif-
ferences were observed between the groups.

The β value revealed by the SSALT data analysis is 
essential to understand the lifetime failure rate.11,19 Both 
groups showed β value <1, indicating that failures of the 
implant–abutment set were dictated by the strength 
of the material, which is associated with premature fail-
ures. Failures attributable to the strength of the material 
were also reported by other authors.12,17–19 Although the 
control group exhibited higher values of  characteristic 
resistance and Weibull modulus than the test group, a sta
tistical difference between the 2 groups was not identified. 
The Weibull modulus was used as an indicator of survival 
force and force distribution, predicting the presence 
of  flaws in the material structure. The higher values 
observed in the control group indicated homogeneous 
failure distribution, low data dispersion, structural stability, 
and greater reliability.11,32,33

Previous studies have reported various failure modes 
of the implant–abutment set after SSALT, such as screw 
abutment fracture, abutment fracture,12,13,15,17–19 and frac-
ture of the implant body.17 In the current study, the most 
prevalent failure mode was abutment fracture and implant 
body fracture, particularly in the region between the third 
thread of the implant and the first thread of the abutment. 
Scanning electron micrographs revealed fatigue and over-
load areas, corroborating the results of Weibull analysis, 
which stated that failures were caused by the strength 
of  the material. The fracture originated when the strain 
exceeded the titanium strength, creating the deformation 
process and the formation of a plastic zone. This ultimately 
resulted in the fracture of the ductile implant body.18

In the present study, DIC illustrated tensile strain dis-
tribution under axial and non-axial loading conditions. 
Non-axial loading was performed using the same angula-
tion as the specimens that were subjected to SSALT. The 
digital image correlation was used to analyze the surface 
strain of simulated bone models under a static load. This 
method offers the advantage of being easy to implement 
without disturbing the specimen, regardless of  its type 
and size,34,35 and to allow the precise full-field strain 
measurement. The DIC method offers the clear advan-
tage of  using real parts, which are very similar or even 
identical to those manufactured for patients in the clinic. 
This method ensures accuracy and repeatability, thereby 
facilitating analysis. Several studies16–19,21–23 have indicated 
that DIC, despite manifesting tensions on the surface 
of  models, corresponded accurately to findings derived 
from alternative test methods, such as finite element 
analysis.30 Furthermore, these methodologies are not in 
competition with one another; rather, they are regarded as 
complementary approaches, allowing for a  more profound 

Fig. 9. Strain distribution around the implant after axial (A) and non-axial 
loading (B)

The horizontal axis represents the vertical distance measurements along 
the implant, as presented in Fig. 4.
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observation of the phenomena under study and facilitating 
the formulation of more substantiated conclusions. This, 
in turn, paves the way for novel studies aimed at advancing 
the knowledge available to clinicians. 

Previous studies21,34,35 have found that axial loading 
resulted in a better mechanical response, whereas non-axial 
loading exhibited the highest strain concentration in the 
cervical region of  a  dental implant.21 The present study 
found high concentration of tensile strain in the cervical 
region of the implant in both groups, which contributed 
to abutment and implant body fracture. The test group 
exhibited a higher concentration of strain in the cervical 
region, demonstrating that dental implants with double 
trapezoidal threads presented a higher strain concentra-
tion in this region than implants with parallel threads. 
Accordingly, Freitas et al. evaluated the probability of sur-
vival and strain distribution of  implants with internal 
conical connection and different microgeometries.19 The 
researchers noted that dental implants with double trape
zoidal threads presented a higher strain concentration in 
the implant and cortical bone.19

The present study demonstrated that the macrogeometry 
of  dental implants had no effect on the probability 
of  survival; however, it modified the strain distribution 
of the implant–abutment set. Dental implants with paral-
lel and double trapezoidal threads presented comparable 
strain distribution during axial loading, but double trape
zoidal threads resulted in a higher tensile strain concen-
tration in the cervical region during non-axial loading 
than parallel ones. A  limitation of  this study is the con-
struction of  a  crown, which was not modeled with the 
materials usually chosen in clinical settings. Thus, con-
sidering that materials used in the fabrication of  abut-
ments and crowns (metal alloys, zirconia, polyether ether 
ketone) can influence the distribution of  deformations 
within the implant–abutment–crown assembly26,36 due to 
shock absorption or not,36 translating these results into 
clinical practice necessitates meticulous consideration. 
It is important to acknowledge the limitations of in vitro 
studies and to exercise caution when interpreting their 
results. The limitations of this study include the absence 
of an anatomical crown. Step-stress accelerated life test-
ing did not assess complex factors found in the oral cavity, 
such as occlusal loading dynamics, neuromuscular forces 
and parafunctional habits. The models used for DIC were 
manufactured using a polyurethane resin that was solid, 
homogeneous, devoid of porosity, and isotropic. Despite 
these limitations, the results of  this in vitro study dem-
onstrated potential causes of implant–abutment set fail-
ures, establishing the foundation for future research. Our 
results must be validated by clinical trials that assess the 
influence of macrogeometry on treatment longevity.

Mechanical complications related to the macrogeom-
etry of dental implants pose significant challenges to the 
long-term success of treatment. A comprehensive analy-
sis and planning, encompassing the implant diameter, 

length, thread design, and surface characteristics, can 
help minimize these complications. Having achieved 
this objective, it is possible to guarantee optimal implant 
macrogeometry, enhancing implant longevity, patient sat-
isfaction and oral health. Further research is required to 
develop advanced implant designs that effectively prevent 
these mechanical complications.

Conclusions
The results of  this in vitro study demonstrated that 

the tested macrogeometries of dental implants exhibited 
a  high probability of  survival at loads that are clinically 
relevant for anterior teeth. Failure modes were restricted 
to abutment and implant body fracture. A  higher con-
centration of  tensile strain was observed in the cervical 
region of  the dental implant when double trapezoidal 
threads were used in comparison to parallel threads.
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