
INTRODUCTION

Oral implant treatments are finding more and more 
clinical applications due to their high rate of success 
and predictability. However, many complications have 
also been reported. Goodacre et al.1) reported that 
mechanical complications include abutment screw 
loosening, and fracture of the abutment screw, abutment, 
superstructure and implant body. Avivi-Arber and Zarb 
reported that abutment screw loosening is the most 
frequent mechanical complication2). It reportedly causes 
component failure, peri-implantitis, and other issues 
that in some cases lead to serious complications3-5). On 
the incidence of abutment screw loosening, Jemt et al.6,7) 
reported that of single-tooth restoration cases, 55.7% 
experience abutment screw loosening within 1 year 
after the superstructure has been set6), with 24.2% after 
2 weeks and 5.7% after 4 weeks7).

Kose et al.8) showed that one of the factors causing 
abutment screw loosening is the force applied to the 
superstructure. It has been reported that complex forces 
can be applied to the superstructure in dental implants, 
including vertical, torsional and bending forces9). It is 
thought that abutment screw loosening is more likely 
to occur in a superstructure with a cantilever due to the 
more complex forces present10).

Recently, zirconia has been used clinically as an 
implant material due to allergy-related and esthetic 
reasons11). Most zirconia implants that are currently 
fabricated are the one-piece type, although a two-
piece type in which the implant body and abutment 

are divided has also been fabricated11). In the latter 
type of implant, the abutment is connected to the 
implant by cementing12,13) or by the use of a screw. The 
biocompatibility and mechanical strength of zirconia 
implants have been the subject of several studies11,14,15). 
However, although there has been extensive research on 
abutment screw loosening for titanium implants3,4,8-10,16,17), 
to our knowledge there are no reports for two-piece 
zirconia implants connected by screws.

The purpose of this study is to investigate the 
influence of differences in implant body and abutment 
screw materials on screw loosening under cyclic loading 
tests using simulated implant prosthesis models.

MATERIALS AND METHODS

Test specimens
Specimens consisted of three components: a block, 
representing an implant body; a screw, representing 
the abutment screw; and a plate, representing a 
superstructure with a cantilever shape (Figs. 1 and 
2). The blocks were fabricated with a U-shape and 
dimensions of 16×5×15 mm. Thirty nine blocks were 
made of yttria-stabilized tetragonal zirconia polycrystal 
(ZrB), and 26 were made of ASTM grade 4 pure titanium 
(Ti4B). The screws had a diameter of 2.5 mm, a length 
of 12 mm, including a 3.5-mm threaded portion. The 
diameter and thread size conformed to ISO-68-1 and 
JIS B 0205, with M2×0.4. Thirty nine screws were made 
of ASTM grade 4 pure titanium (Ti4S), and 26 were 
made of titanium alloy Ti-6Al-4V (TiAS). The plates 
had dimensions of 10×22×7 mm, and 65 plates were 
fabricated using yttria-stabilized tetragonal zirconia 
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Fig. 1 Test specimen.
 Screws (left: Ti4S right: TiAS), Plate (ZrP), Blocks 

(left: ZrB right: Ti4B).

Fig. 2 Diagram of specimen.

polycrystal (ZrP). The shape was extended to one side 
from the screw hole. The specimens were fabricated by 
NANTOH, Numazu, Japan.

Experimental procedure
The experiments were performed on 13 specimens from 
each of the four groups ZrB-Ti4S, ZrB-TiAS, Ti4B-Ti4S, 
and Ti4B-TiAS, for a total of 52 specimens. On ZrB-Ti4S, 
Further experiments were performed on 13 specimens 
from the ZrB-Ti4S group at a different loading point. 
After the block was fixed to a cyclic loading machine 
(Servopulser, Shimadzu EHF-FB, Shimadzu, Kyoto, 
Japan), a digital torque meter (HDM-5 HIOS, Chiba, 
Japan) was used to tighten the screw using a torque 
of 20 N•cm through the plate and into the block. The 
specimen was then allowed to stand for 10 min, following 
which the loosening torque was measured. This was 

repeated twice, and the tightening and loosening torque 
values measured the second time were taken as the 
tightening torque before the cyclic loading test (TT1) 
and the loosening torque before the cyclic loading test 
(LT1), respectively. The measured values were used 
to calculate the loosening torque ratio before the test 
(LTR1) using:

TT1−LT1
LTR1=                  ×100 (%)                                       (1)

TT1

After LT1 was measured, the screw was tightened 
again using a torque of 20 N•cm, to perform a cyclic 
loading test under a load of 100 N, a frequency of 2 Hz, 
and 100,000 cycles. The tightening torque in this step 
was taken as the tightening torque immediately before 
the cyclic loading test (TT2). As shown in Figs. 3 and 4, 
the cyclic loading tests were performed on two different 
loading points. For each of the four groups (ZrB-Ti4S, 
ZrB-TiAS, Ti4B-Ti4S, Ti4B-TiAS), 13 specimens were 
tested at a point referred to as the eccentric point, 
located 9 mm from the center of the screw hole to one 
side. This is labeled point (a) in Fig. 3 and is shown in 
the photograph in Fig. 4(a). In order to investigate the 
effect of the loading point, 13 specimens in group ZrB-
Ti4S were also tested at a point referred to as the centric 
point, located 3 mm from the center of the screw hole 
towards the front of the cyclic loading machine. This is 
labeled point (b) in Fig. 3 and is shown in the photograph 
in Fig. 4(b).

After the tests were finished, the loosening torque 
was measured by a digital torque meter. This was 
taken as the loosening torque after the cyclic loading 
test (LT2). The measured values were used to calculate 
the loosening torque ratio after the cyclic loading test 
(LTR2) using:

TT2−LT2
LTR2=                  ×100 (%)                                       (2)

TT2

The calculated LTR1 and LTR2 values were statistically 
analyzed using a statistics software package (Ekuseru-
toukei 2013, SSRI, Tokyo, Japan), with a paired t-test 
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Fig. 3 Schematic on loading point (a) Eccentric point  
(b) Centric point.

Fig. 4 Test specimens fixed to cyclic loading machine  
(a) Eccentric point (b) Centric point.

Fig. 5 SEM observation sites.

Fig. 6 Loosening torque ratio at the eccentric point before 
and after test.

Fig. 7 Loosening torque ratio at the centric point before 
and after test.

for the difference in loosening torque ratio before and 
after the cyclic loading test, a two-way ANOVA and 
Tukey’s multiple comparison for the difference between 
materials, and a one-way ANOVA and Tukey’s multiple 
comparison for the difference between loading points. 
The screws from each group were observed by scanning 
electron microscopy (SEM; JSM6330F, JEOL, Tokyo, 
Japan) after each test, at a magnification of 200×. 
Screws were observed before being tightened, before the 
cyclic loading test (LT1) and after the cyclic loading test 

(LT2), in order to identify deformation or displacement. 
As shown in Fig. 5, there were three observation sites on 
the screws: (A) the connection between the plate and the 
screw, (B) the 4th thread from the top of the screw and 
(C) the 8th thread from the top of the screw.

RESULTS

Loosening torque ratio before cyclic loading test (LTR1)
As shown in Fig. 6 for LTR1, the results of the two-way  
ANOVA and Tukey’s multiple comparison did not show 
significant differences between any of the groups before 
the cyclic loading test. The groups fastened with Ti4S 
screws tended to have a lower loosening torque ratio than 
those fastened with TiAS screws (Ti4S: 15.00±9.82%, 
TiAS: 18.92±9.35%). The group with the highest 
loosening torque ratio was Ti4B-TiAS, at 19.16±7.58%.

Loosening torque ratio after cyclic loading test (LTR2)
As shown in Fig. 6 for LTR2, all groups showed an 
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Fig. 8 SEM images at C-point for Ti4S and TiAS after tightening to ZrB and test at the eccentric point.

Fig. 9 SEM images of each observation point during test at the centric point for ZrB-Ti4S.

increase in loosening torque ratio after the cyclic 
loading test. The results of the two-way ANOVA and 
Tukey’s multiple comparison showed highly significant 
differences between screw materials (p<0.01). No 
differences were observed between block materials, 
however. The group that showed the highest loosening 
torque ratio was ZrB-Ti4S, at 40.48±17%.

The paired t-test showed a significant difference in 
loosening torque ratio before and after tests in the groups 
fastened with Ti4S screws (p<0.01). Groups fastened 
with TiAS screws did not show a significant difference 
in loosening torque ratio before and after the test.

Difference in loading point
Figure 7 shows the test results at the centric point for 
ZrB-Ti4S. Although the loosening torque ratio appears 
to increase after the test, the results of the paired t-test 
showed no significant difference. The results of the one-

way ANOVA and Tukey’s multiple comparison for LTR2 
at each loading point showed a significantly higher 
loosening torque ratio when the test was performed at 
the eccentric point (p<0.05).

Observations by SEM
Figure 8 shows SEM images at the C-point for Ti4S and 
TiAS screws before and after tightening to ZrB, and 
after testing at the eccentric point. After tightening, both 
screws exhibited more scratches on the mating surface, 
together with edge wear (Fig. 8 arrows), compared to 
before tightening. Similar results were found for the 
A-point. However, the extent of this damage did not 
change after the test. TiAS screws tended to have less 
damage than Ti4S screws. No differences were observed 
at the B-point. As shown in Fig. 9, results similar to 
those for the eccentric point were also found for ZrB-
Ti4S when the test was done at the centric point.
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Fig. 10 Schematic and formula used for geometric analysis.

DISCUSSION

Test conditions and methods
Cyclic loading tests have been used in biomechanical 
studies on implants18), although the conditions varied 
with each study. The present study considered the 
situation just after the superstructure had been set and 
then after one month9) of standard chewing (assuming 
100,000 cycles at a frequency of 2 Hz19)). The loading 
points used were those shown in Fig. 4, and were chosen 
based on a report by Fernandes et al.20) The eccentric 
point was intended to simulate contact at the center of 
the occlusal surface of the mandibular second premolar 
tooth and the center of the occlusal surface of the 
mandibular first molar. The centric point was intended 
to simulate contact at the center of the occlusal surface 
of the mandibular first molar, as close to the screw as 
possible without directly applying an external force to 
the screw. Regarding loading, it has been reported that 
a superstructure with a cantilever should preferably 
be infraoccluded 100 µm more than a normal one21). 
Therefore, the tests were performed under a load of 100 
N, which is lower than the mean value of 143 N reported 
by Mericske-Sterm and Zarb regarding the occlusal force 
applied to the implant superstructure22).

The tightening torque for the abutment screw 
varies depending on the screw material and on the 
manufacturer23). In the present study, we used a triangular 
screw head that was M2×0.4, and a tightening torque of 
20 N•cm. Yoshida performed a torsional fracture test 
using M2×0.4 pure titanium micro-screws, and reported 
that the torsional strength was 54 N•cm24). Moraes et 
al. also reported that when two sets of cylinders made 
of gold and Ni-Cr-Br were tightened onto an abutment 
with titanium screws at a tightening torque of 10 or 20 
N•cm, the group tightened at 20 N•cm showed less of a 
gap25). Based on these reports, the tightening torque in 
the present study was set to 20 N•cm.

There are many kind of connection between implant 
body and abutment. Katsuta and Watanabe9) reported 
there were differences between the type of connection. 
Therefore, the shape of block is determined as U-shape 
to except these effects and to simplify the design of 
connection.

Kohal et al.26) performed cyclic loading tests using 
identically-shaped two-piece zirconia and titanium 
implants with internal abutment connections, and 
reported that fractures occurred in the neck of the 
implant body. They concluded that it would be difficult 
to use two-piece zirconia implants in clinical practice. 
Therefore, basic research was performed with specimens 
intended to simulate screw-retained superstructures 
with a cantilever set onto a block, representing an 
implant body.

Loosening torque ratio before cyclic loading test (LTR1)
The loosening torque was measured by allowing the 
specimen to stand for 10 min after tightening the screw, 
loosening it, tightening it again, and then measuring the 
loosening torque, following the technique reported by 

Katsuta and Watanabe9) and Kourtis et al.17). This takes 
into account the settling effect of the mating surface. 
The results of the two-way ANOVA did not show any 
significant differences between materials. This suggests 
that under the present conditions, no external force was 
applied to the screws.

Loosening torque ratio after cyclic loading test (LTR2)
The results of tests at the eccentric point showed 
significant differences only between screw materials. 
The results of the t-test showed a significant difference 
before and after tests in the groups fastened with 
grade 4 pure titanium screws, with ZrB-Ti4S showing 
the highest loosening torque ratio. In terms of the 
Vickers hardness of the materials used in this study, 
it is reportedly 177 Hv for grade 4 pure titanium, 256 
Hv for Ti-6Al-4V, and 1356 Hv for Y-TZP5), and these 
were the combinations used in the study that showed 
the greatest difference in hardness between materials. 
Therefore, cyclic loading tests were also performed at the 
centric point. The results of the paired t-test showed no 
significant difference in the loosening torque ratio before 
and after the tests. On the other hand, the results of 
the one-way ANOVA and Tukey’s multiple comparison 
showed that the loosening torque ratio was significantly 
higher when the tests were performed at the eccentric 
point than at the centric point. A superstructure with a 
cantilever is subjected to tensile forces12). Yanagida et al. 
showed that the maximum tensile force for an abutment 
screw with a diameter of 1.8 mm was 2,881±22 N, and 
simultaneously performed a geometric analysis27). When 
the tensile force applied to the screws in the present 
study was calculated using the same technique, it was 
determined to be around 260 N (Fig. 10). If this force is 
applied repeatedly to the screw, it will cause a failure of 
the connection between the plate and the screw (SEM 
observation site A), which is the upper connection of the 
screw, and the thread joining section (SEM observation 
site C), which is the lower connection, each become a 
retaining section. When the tensile force is applied to 
the screw, elastic deformation occurs in the entire screw 
to over the elastic region. When the load is removed, due 
to the slight stretching of the screw, a small separation 
occurs between the upper and lower connection surfaces 
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and the tightening force of the screw is reduced, which 
results in loosening of the screw. According to Osman 
and Swain, grade 4 pure titanium has a yield strength 
of 483 MPa, while Ti-6Al-4V has a higher yield strength, 
at 860 MPa28), and this may cause loosening to occur 
less easily with TiAS, as it was less readily deformed 
in the cyclic loading tests at the eccentric point. At the 
centric point, however, loading caused a compressive 
force to be applied to the block and plate, opening a 
separation between the screw contact surface, resulting 
in loosening. Nonetheless, the absence of a difference 
in loosening torque ratio before and after testing may 
be because no tensile force was applied to the screw, 
and there was no plastic deformation. It was, however, 
difficult to identify plastic deformation from SEM images 
in the present study; it may be necessary in the future 
to perform CT scans of screws before and after tests, and 
then superimpose the DICOM data to detect where the 
screws are deformed.

Abutment screws used for zirconia implants
When a screw is tightened, a frictional force occurs at the 
contact surface of the screw, and shear stress due to the 
torsional torque and axial stress caused by the axial force 
are applied to the screw29). Kanbara et al. 5) reported that 
in wear tests on pure titanium and Ti-6Al-4V, abrasive 
wear was caused by Y-TZP. Therefore, abutment screws 
for zirconia implants should be fabricated out of zirconia. 
However, since Kikuchi30) found that zirconia has a 
fracture toughness of 5–20 MPa•m1/2 while the value for 
titanium is 66 MPa•m1/2, and assuming that a tensile 
force is applied to the screw, as in the present study, a 
high fracture toughness would also be needed. Abutment 
screw materials for zirconia implants should therefore 
preferably have a strength close to that of zirconia, and 
also a high fracture toughness.

CONCLUSIONS

Within the limitations of the present study the following 
conclusions were obtained:

1. The pure titanium screws showed more loosening 
than the titanium alloy screws.

2. The combinations of zirconia blocks and pure 
titanium screws showed more screw loosening 
when tests were performed at the eccentric point, 
located 9 mm from the center of the screw hole, 
than at the centric point, located 3 mm from the 
center of the screw hole.

3. There was no difference in screw loosening before 
and after testing at the centric point.

4. For all groups, scratches and wear occurred on 
the contact surface of the screw after tightening; 
the extent of this damage did not change after 
testing.
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