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Abstract: Aim: To investigate the effect of diameter on the mechanical properties and load fatigue testing of wide, 
regular, and narrow dental implants in two different environment. Materials and methods: Three groups of different 
diameters implants were tested under simulated physiological environment conditions using cyclic compression 
and static loading. In the cyclic test, the load versus the number of cycles was plotted during the biomechanical 
analysis of each implant. A rotational load fatigue instrument was used to apply a load at a rate of 0.05 mm/sand 
an angle of 30 degrees to the long axis of the specimens. The samples were loaded until fracture occurred or an 
upper cyclic limit set to a maximum of 5×106 cycles was reached. Tukey’s test was used for statistical analysis. Re-
sults: Load/displacement curves demonstrated different fatigue behavior with different implant diameters in each 
group of samples in simulated oral condition and normal condition. The fatigue limit under normal conditions was 
13% greater than that in the simulated oral environment, the 3.3 mm group showed weaker performance fatigue 
behavior than other two groups implant. The 3.75 mm group showed better performance than the 5 mm group with 
a higher normalized load, however under absolute load magnitudes, the 5 mm group exhibited better performance 
than the 3.75 mm group. Conclusion: The results emphasize that the diameter of implants could substantially im-
pact their ability to withstand loading, with a wider diameter demonstrating superior load fatigue performance. The 
narrow group showed typical fatigue behavior, indicating a risk of fracture in clinical practice that might be attribut-
able to the implant design.
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Introduction

Dental implants have been widely used in com-
pletely or partially edentulous mouth for sever-
al decades to improve the dental function of 
patients. The success of dental implants itself 
were concerned, Factors such as implant 
design, surface coatings, and the manufactur-
ing process can influence the percent of suc-
cess of implants [1-6]. And recently researches 
were also found the oral environment and the 
actual procedure may related to the success of 
implants as important as the factors upon.

However, many typical cases of dental implant 
failure have been reported in clinical treatment 
[7]. In these cases, the risk factors for dental 

implant failure due to fracture include the type 
of the prosthesis involved, the implant diame-
ter, and occlusal parafunction [8]. Several stud-
ies have revealed the nature and cause of 
implant fractures. When surfaces that were 
fractured after oral osseointegration were com-
pared to experimental fractures produced by 
overload in the laboratory, it was found that 
implant fracturing due to fatigue was aggravat-
ed by bone resorption under physiological load 
[9, 10].

Different diameter implants have been used in 
clinical practice. Dental implants with diame-
ters ranging from 3 mm to 3.4 mm are classi-
fied as small diameter, the regular one implants 
commonly used in clinics have diameters rang-
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ing from 3.75 mm to 4.8 mm, and wide implants 
have diameters >5 mm. However, few reports 
have compared the success rate between dif-
ferent diameters. Recently, researchers found 
that the failure rate was related to the diameter 
of the dental implant. The 5 mm diameter den-
tal implants revealed the highest failure rate 
among the classified categories of dental 
implants [11].

One report demonstrated that the success rate 
of small diameter implants for up to 5 years 
was over 89% [12]. A direct influence of implant 
diameter on fracturing was discovered due to 
fractures of osseointegrated dental implants 
resulting from low resistance to fatigue, a direct 
influence occurred of fractures by the implant 
diameter on fracturing was discovered. How- 
ever, these reports also include the implant fr- 
acture incidence. The fracture status was found 
to be related to the duration of the implant pro-
cess. Which probably leads to the observed 
results. However, these studies only focused on 
fractures due to fatigue strength under normal 
conditions in the laboratory [13, 14]. Less com-
plex reactions were previously considered. The 
environment in the body is a more corrosive 
environment than normal laboratory condi-

tions; thus, the intraoral environment may pro-
mote crack initiation due to the formation of 
corrosion pits and decreased fatigue life [15].

Simultaneously, little in vitro environmental 
research has been conducted to determine the 
biomechanical performance of different im- 
plant structures. Static and cyclic loading tests 
have been used in several studies. Despite the 
environment and the implant diameter, static 
loading tests have little clinical value because 
the failure mechanism is related to the applica-
tion of repeated loads [16, 17]. Thus, the aims 
of this study were to evaluate fatigue fracturing 
under a simulated body environment and to 
investigate the factors governing implant 
fatigue strength by observing the fracture mode 
and comparing the fatigue performance of 
three different diameter implant structures 
through construction of S-N curves.

Materials and methods

Three types of commercial implants were test-
ed in this study. All of the specimens were 
selected with a titanium-alloy threaded body 
and an external-hex connection design. The 
implants were consisted of 10 mm long with an 
outer diameter of 3.3 mm, 3.75 mm, and 5 mm. 
All the components were received in their origi-
nal packaging. The components were tightened 
to 35 Ncm with a clinical torque driver. Each of 
the three groups included four implant speci-
mens. A hollow iron holder with an outer diam-
eter of 15 mm, length of 22 mm, and inner 
diameter of 12 mm was used for this study. 
Then, the holder was filled with epoxy resin. In 
the central concentric of the epoxy resin 
implant holder, three holes were drilled into the 
resin (3.3 mm diameter hole, 3.75 mm diame-
ter hole, and a 5 mm in diameter hole). Each 
specimen was embedded into the resin. This 
procedure ensured that all the specimens were 
placed concentrically with a standardized 
embedment depth.

A force of 20 Ncm was applied between the fix-
ture and the abutment screws with a digital 
torque wrench are commended by the manu-
facturer. A high strength holder was made from 
a longitudinal slotted steel cylinder steel to 
tightly fix the test implants to the testing equip-
ment and apply the load. The implant speci-
mens were locked into the epoxy resin up to the 
second thread. Before the testing, the holding 

Figure 1. Schematic diagram of the implant loading 
device. A: Dental implant body; B: Specimen holder; 
C: Hemispherical loading member.
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device was subjected to mechanical testing 
with an MTS load frame (858 MiniBionix Axial 
Torsional Test System, MTS System, Minnea- 
polis, MN, USA) with a 250 kN load capacity. 
The loading method and specimen installation 
process were conducted as shown in Figure 1. 
All loading process were driven under load con-
trol, and the specimen holder was fixed to a 
clamp at an angle of 30 degrees. In addition, 
the implants were 30 degrees off-axis to pro-
duce a clinically relevant bending force. The 
quasi-static bending strength was tested prior 
to cyclic tests; the vertical load was applied at a 
rate of 0.05 mm/s until the specimen exhibited 
a fracture or plastic deformation.

The loading parameters were determined 
according to standards that included the rele-
vant frequencies, temperature, and waveform 
in cyclic assessments. The minimum to maxi-
mum loading ratio was set to R=0.1. The cyclic 

fatigue life under the process. In this study, nor-
mal saline with 0.9% NaCl was used as artificial 
body fluid to simulate the implant being 
immersed in blood and saliva. Although some 
researchers prepare solutions that include KCl, 
CaCl2 and NaHCO3, Na+ and Cl- are the main 
ions that cause corrosion related to fracture of 
the passive film [18]. Specimens come into 
contact with extra-cellular fluids; thus, a 0.9% 
NaCl solution was chosen to simulate artificial 
body fluid.

All of the specimens test results were recorded 
during fatigue testing. The data were statisti-
cally analyzed using SPSS 19.0 (SPSS Inc., 
Chicago, IL, USA). Student’s t tests and one-way 
ANOVA with Tukey’s multiple comparison were 
performed to evaluate statistically significant 
differences between the sample groups. The 
differences were considered to be significant 
when p values were <0.05.

Table 1. Static test of various diameter implants in Quasi-Static test
Implant diameter (mm) Number Load range to deformation Mean load (± SD)

Normal Fluid Normal Fluid
3.30 8 510-564N 428-522N 537N (±12N)aA 460 (±15N)cB

3.75 8 578-662N 501-615N 621N (±20N)bA 548 (±24N)aB

5.00 8 740-855N 708-814N 796N (±32N)cA 761 (±30N)bB

Mean values followed by different uppercase letters in the same line indicate differences for storage media; Mean values 
followed by different lowercase letters in the same column indicate differences for implant diameters. The difference in mean 
load of 3.3 mm and 3.75 mm diameter implants was significant (P=0.039). The P value of the compressive strengths of differ-
ent conditions with the same diameter between 3.3 mm and 3.75 mm (P=0.002). Furthermore, for all other design compari-
sons, the difference were also found to be significant (P<0.05).

Figure 2. Load-displacement curves of static tests.

test was interrupted when the 
implants were exhibited ap- 
parent failure. In order to mini-
mize vibration of the instru-
ment during testing, the ap- 
plied cyclic load had a sinusoi-
dal force with a frequency of 
15 Hz at room temperature 
(20±5°) under normal condi-
tions. In the simulated physi-
ological environment, fatigue 
testing was conducted with a 
sinusoidal force with a fre-
quency of 2 Hz in a liquefied 
condition. 

The process of fatigue testing 
was generally applied in a 
simulated oral environment to 
reveal the period of implant 
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Results

The mean values of static test results of all of 
the specimens under normal conditions and in 
a simulated physiological environment are sum-
marized in Table 1. The failure mode of static 
testing was defined as the loading deformation 
that showed the highest load point for each 
tested implant. 

Figure 2 shows the typical load/displacement 
curves demonstrating elastic displacement up 
to a point approximating the maximum sus-
tained load. After achieving the maximum load 
value, following further application of load, the 
load value was found to decline, the curves of 
each test sample continued in a failure phase. 
Under the simulated body environment the val-
ues was lower than the normal condition for all 
the groups of the samples.

From the graphic, the test value was deter-
mined by continuously increasing the load in 

15% increments starting from a load of 510 N 
until the fatigue limit was reached. However, in 
the simulated oral environment, the fatigue 
test results showed a fatigue limit that appeared 
at approximately 785 N and also survived 
5×106 load cycles without failure. When the two 
conditions of the fatigue test were compared, 
the fatigue limit under normal conditions was 
13% greater than that in the simulated oral 
environment.

Figure 3A-C shows the S-N curves obtained for 
each implant diameter group. In the S-N curves 
for the three different implant diameters, nor-
mal conditions (same meaning as dry in Figure 
3A-C) resulted in longer fatigue life than the 
simulated oral environment (same meaning as 
wet in Figure 3A-C) (P<0.05).

From the S-N curve results for the three implant 
diameters show significant differences. In the 
3.75 mm diameter implant S-N curve, the nor-
malized load decreased as the mean number 

Figure 3. Load vs. number of cycles in fatigue 
testing for the (A) 3.3-mm, (B) 3.75-mm, (C) 
5.0-mm implant in wet condition, together 
with the result obtained in dry condition.
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of cycles to failure increased. The probability of 
survival increased as the normalized load 
decreased. In the 5 mm diameter implant S-N 
curve, the normalized load decreased as the 
average number of cycles to failure increased. 
However, in contrast, the S-N curve of the 3.3 
mm diameter implant, which had a different 
probability of survival than the other two 
implants, did not increase monotonically as the 
normalized load decreased. 

The graphic description of the overall 3.3 mm, 
3.75 mm and 5 mm fatigue performance, com-
paring the normal condition between the simu-
lated body environment. It can be seen the 
fatigue behavior of all group implant are similar 
between different diameter, but under the wet 
environment, the three groups of implant pres-
ent weaker performance at a higher normal-
ized load. 

Figure 4A-C plots the probability of fail in frac-
ture, at each load for the two kinds of environ-

ments. It is obviously to find that the two corre-
sponding lines have relatively similar slope; 
however, the right side line is skewed to the left, 
which indicates the simulated body wet condi-
tions would reduce the applicable load at a 
given percentage of survival by a constant nor-
malized load.

Figure 5A-D show the typical micro-photo-
graphs of fractures surfaces of implant frac-
tures in two kinds of environment. It can be 
seen that the surfaces of implants were broken 
at similar load level. However, the fatigue stria-
tions in simulated body environment showed 
transgranular fracture with secondary cracking, 
not found in normal environment instead.

Discussion

The service life of an implant is a major concern 
for clinicians. Due to technological innovations, 
implant life expectancy has increased, but clini-
cal oral implants can still break due to fatigue 

Figure 4. A. Probability of failure. The plot com-
pares the fatigue behavior of the 3.3 mm implant 
in the simulated body environment to the normal 
condition. B. Probability of failure. The plot com-
pares the fatigue behavior of the 3.75 mm im-
plant in the simulated body environment to the 
normal condition. C. Probability of failure. The 
plot compares the fatigue behavior of the 5 mm 
implant in the simulated body environment to the 
normal condition. 
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and the effects of bite force [19, 20]. In this 
study, can be found that the fatigue lives of 
implants that were between 5 mm and 3.75 
mm in diameter were similar under both normal 
conditions and the simulated oral environment. 
However, the 3.3 mm diameter implant did not 
show typical fatigue resistance behavior. The 
3.75 mm diameter implant showed better per-
formance than the 5 mm diameter implant with 
a higher normalized load, but under absolute 
load magnitudes, the 3.75 mm diameter im- 
plants exhibited worse performance than the 5 
mm diameter implants. Using the magnitude of 
the applied forces and the number of cycles a 

person applies per day, the fatigue test could 
predict the life of the implants [21].

A normalized load was used to compare the 
performance of the three diameters of implants 
during fatigue testing. The study simulated the 
maximum load force that full-dentition adults 
can apply to adult teeth, which ranges from 510 
N to 840 N, and the typical bite force magni-
tude by adults averages was 690 N. Regarding 
the difference between males and females, is 
sensible which the male displayed with 689 N, 
and the females displayed with 596 N between 
the premolars and molars [22, 23]. The bite 

Figure 5. A. Fracture surface of implant fractured in simulated body environment with low magnificent. B. Fracture 
surface of implant fractured in normal environment with low magnificent. C. Fracture surface of implant fractured in 
simulated body environment with high magnificent. D. Fracture surface of implant fractured in normal environment 
with high magnificent.
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force of adult males may exhibit a greater maxi-
mum force than that of females, which implies 
that an implant has a higher chance of failing in 
a male patient [24].

When the cyclic load was applied to test these 
specimens, the major failure mode was defined 
as plastic deformation on the titanium surface. 
Thus, cycle accumulation caused deformation, 
which is consistent with previous studies [25, 
26]. The average chewing cycle of a normal per-
son could influence the fatigue life of these 
implants, which can withstand a component 
cycles without significant damage to the com-
ponents. The adult individual chewing frequen-
cy is nearly 2700 times a day, which is equal to 
10 million times per year; However, under nor-
mal oral conditions, chewing cycles are not con-
sistently active; thus an implant that survives 
5×106 cycles may be considered to have suc-
cessfully completed fatigue analysis [7].

A previous study confirmed that fatigue frac-
tures are related to the propagation of micro-
scopic cracks in the material caused by stress 
concentration, material imperfections and 
externally applied loads [27]. An analysis of sur-
face fracturing was established as a method of 
failure analysis in the field of bioengineering. 
During the process of a fracture, the initial 
cracks tend to propagate under external load-
ing, especially during cyclic loading. Initially, the 
loading stress is concentrated at the tips of 
these cracks. The rate of loading stress has a 
direct influence on material fracturing that is 
not obvious, and the velocity of crack propaga-
tion is slow. As repeated loading continues, the 
velocity of crack propagation increases faster 
until the concentrated stress surpasses the 
material’s fracture limits. When the perfor-
mance of the three different implant diameters 
was compared, we found that inconsistent 
fatigue in the 3.3 mm diameter implant was 
most likely responsible for the results of previ-
ous studies [28, 29]. During fatigue tests, it has 
been reported that the failure probability in 
wider diameter implants is reduced by increas-
ing the diameter of the implant, which is related 
to the stress distribution that occurs at the 
junction of the implant collar and the beginning 
of the thread [30].

In this test, the simulated oral environment 
influenced the fatigue strength of these implant 
samples, which leads the fixture fractures was 

can be found some studies have implied that 
these results are attributable to the corrosive 
environment in the body relative to normal con-
ditions [31], in which the surface of the implant 
is immersed in ions and exposed to repeated 
changes of pH values, which results in a corro-
sive fatigue mechanism [32]. Due to the forma-
tion of corrosion pits on the surface of implant 
specimens, the fatigue life and mechanical 
strength are decreased by the corrosive envi-
ronment that exists during the crack growth 
process on the implant surface.

Conclusion

Within the limitations of this in vitro experi-
ment, the following conclusions can be drawn: 

1) The narrow diameter implants showed the 
greatest risk of fatigue failure, while the normal 
and wider diameter implants showed compara-
ble and classic fatigue behavior. 2) The fatigue 
limit of all of the implant specimens immersed 
in a simulated oral environment was lowered by 
20% compared to that under normal condi-
tions. The simulated oral physiological environ-
ment influenced the fatigue strength by produc-
ing a corrosive environment that affected the 
fatigue mechanism.
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