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Abstract: The aim of this study was to introduce the newly developed micro-locking implant
prosthetic system and to evaluate the resulting its characteristics. To evaluate load-bearing capacity,
25 implants were divided into five groups: external-hexagon connection (EH), internal-octagon
connection (I0), internal-hexagon connection (IH), one-body implant (OB), micro-locking implant
system (ML). The maximum compressive load was measured using a universal testing machine
(UTM) according to the ISO 14801. Retention was evaluated in two experiments: (1) a tensile test of
the structure modifications of the components (attachment and implant) and (2) a tensile test after
cyclic loading (total 5,000,000 cycles, 100 N, 2 Hz). The load-bearing capacity of the ML group was
not significantly different from the other groups (p > 0.05). The number of balls in the attachment
and the presence of a hexagonal receptacle did not show a significant correlation with retention
(p > 0.05), but the shape of the retentive groove in the implant post had a statistically significant
effect on retention (p < 0.05). On the other hand, the retention loss was observed during the initial
1,000,000 cycles, but an overall constant retention was maintained afterward. Various preclinical
studies on this novel micro-locking implant prosthetic system should continue so that it can be
applied in clinical practice.

Keywords: dental implant; prosthesis; micro-locking; load-bearing capacity; retention

1. Introduction

Implant-supported fixed dental prostheses (FDP) have been a well-established treatment option
for dental treatment for the last 40 years since the development of dental implants [1]. The long-term
clinical success of these FDPs are based on the advancement of surface technology, sophisticated
surgical techniques, improved stability of the interface between implant, and abutment dental
prosthesis, as well as osseointegration [2,3].

Methods for retaining implant-supported prostheses include screw-retained prostheses that
gain stability and retention from clamping force caused by preload generated by screw extension,
and cement-retained prostheses that gain stability and retention from cement [4,5]. The screw-retained
prostheses have been recommended for long-span restorations because they have the advantage of
retrievability as well as accessibility for maintenance and replacement [1,6]. However, screw-retained
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prostheses have intrinsic mechanical complications such as screw loosening and fractures [5,7].
The cement-retained prostheses were recommended as a single-span restoration with a margin above
the mucosal level and was used to treat partial edentulous patients [1,6]. Some authors have suggested
that cement-retained prostheses should be the first treatment option in consideration of esthetics [8].
In addition, the cement-retained prostheses fit a more passive prosthesis than do screw-retained
prostheses. However, it is difficult to remove excess cement around the crown, and the residual cement
is likely to cause inflammation around an implant [6,9].

The success rate of these prostheses is not affected by the type of maintenance [10], but both types
have relative advantages and disadvantages and can affect the frequency of technical and biological
complications [6,11]. Additionally, because the mechanical stability of the prosthesis is affected by
the engineering of the implant-abutment interface, retention mechanisms can affect these results [12].
However, optimal retention types for implant-supported prostheses are still being discussed [6,9,11].

There have been studies to overcome the limitations of screw- and cement-retained implant
prostheses [13,14]. Shah et al. [13] reported on an abutment system that can lock and unlock prostheses
by replacing cement layers with precision-machined nickel-titanium sleeves, and Lee et al. [14] reported
on an implant prosthesis that could be maintained without cement by lining the surface of the crown
with a composite resin. However, the research related to these prostheses is very limited, and the
scientific basis is still lacking. In particular, there is no product available for partial edentulous patients
among these prostheses.

On the other hand, dentists face patients with narrow ridges due to bone resorption, orthodontic
therapy, missing incisors, and reduced interdental space [15]. To overcome these complicated clinical
scenarios, dental implant manufacturers have developed narrow-diameter implants (NDIs) [16]. NDIs
or small-diameter implants have diameters larger than mini-implants (1.8-3.0 mm) and smaller than
3.5 mm [17]. These NDIs can help avoid additional surgical procedures such as horizontal bone
augmentation when bone width is insufficient, which can increase recovery time as well as medical
costs and morbidity [18,19]. However, the risk for mechanical complications may increase if a single
NDI is used to restore a tooth under increased occlusal force [18].

Therefore, the purpose of this study was to investigate the possibility of clinical application
by evaluating the load-bearing capacity and retention characteristics of NDIs in a newly developed
micro-locking prosthetic system under worst-case conditions. The first null hypothesis was that the
load-bearing capacity of the micro-locking implant prosthetic system is not different from that of
conventional commercialized implant systems. The second null hypothesis was that the structure
modifications of the micro-locking implant prosthetic system do not affect retention, and the third null
hypothesis was that retentive force remains undamaged after cyclic loading.

2. Materials and Methods

2.1. Micro-Locking Implant Prosthetic System

The newly developed micro-locking implant prosthetic system consists of an assembly-type
attachment and a one-piece implant (Figure 1). The attachment consists of four subcomponents:
body, ball, spring, and cap. The body is as several grooved hexagonal receptacles corresponding to
a hexagonal structure of the implant post, thereby preventing the rotation of the prosthesis that is
attached later. The ball, the major component of zirconium oxide (ZrO,) and hafnium oxide (HfO,)
(Table 1), has roughly two roles, namely (1) to participate directly in the retentive force by being
seated in the retention groove and (2) to prevent the spring from rotating. The spring is located on the
outside of the zirconia ball and it is mainly composed of a nickel-titanium (Ni-Ti) shape memory alloy
called nitinol (Table 1). Nitinol has a shape memory effect, superelasticity, and a twinning strain [20].
Its superelasticity entails that the alloy, like a rubber object, will return to its original shape when stress
is applied to the alloy and subsequently removed. When the stress is removed in this state, a reverse
behavior that is opposite to the yielding phenomenon appears. In other words, its shape, despite large
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deformation distortion is restored while a constant stress value is maintained [20,21]. The spring used
in this study, which utilizes the superelasticity of nitinol, allows the ball to be easily placed under the
undercut of the retention groove in the implant post by slightly expanding when the attachment is
engaged with the implant. In addition, after the attachment is engaged with the implant, the spring
exerts a constant external force on the ball [21]. The cap is the part where the prosthesis is attached
and has a groove and a slot to prevent the rotation of the prosthesis.

— Attachment

— Implant

Figure 1. The components of the micro-locking implant prosthetic system. (a) Body; (b) ball involved
in retention; (c) ball involved in preventing spring rotation; (d) spring; (e) cap; (f) retention groove.

Table 1. Standard ASTM number, chemical requirements of the attachment’s components.

Components ASTM Chemical Composition

Ti: balance
Al: 6.07%
V:3.97%
Fe: 0.15%
0:0.12%
N: 0.01%
CZ 0.01[70
H: 0.0026%

ZI‘OZ + HfOzZ 85-90%
C602 + Fe203: 10-15%

Ti: balance
Ni: 55.7 4+ 0.3%

Body/Cap F136 (Ti grade5)

Ball F1873

Spring F2063-03
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2.2. Load-Bearing Capacity
Five groups were set in accordance with the implant-abutment connection designs: an external-
hexagon connection (EH), an internal-octagon connection (IO), an internal-hexagon connection
(IH), a one-body implant (OB), and a micro-locking implant system (ML) (Figure 2 and Table 2).
Five specimens were used in each group, and the tests were conducted in accordance with the
ISO 14801:2007 specifications (Figure 3) [22]. The static load test was performed at a crosshead
speed of 1 mm/min using a universal testing machine (UTM) (AG-10KNX, Shimadzu, Kyoto, Japan).
The load—displacement curves were recorded until either the implant assembly was visibly fractured
or the displacement of the loading device reached 5 mm. After the static load test, the specimens
that were not completely broken or separated were centrally sectioned along the longitudinal axis
using a low speed diamond saw machine (Diamond Saw, SPG Co., Ltd., Incheon, Korea). The internal
configuration was observed using an optical microscope (BX51, Olympus, Tokyo, Japan). Statistical
analysis was performed using a one-way analysis of variance and a Tamhane post-hoc test (o« = 0.05).

i
|

S T

Figure 2. Examined implant systems (implants, abutments, and cobalt-chromium copings). EH:
external-hexagon connection; IO: internal-octagon connection; IH: internal-hexagon connection; OB:

one-body implant; ML: micro-locking implant system.



Materials 2018, 11, 564

Table 2. Specifications of the tested implant systems.

50f 15

Width/Length of

Group Implants (LOT) Abutment (LOT) Implant/Al?utment the Connection Connection Required Torque Manufacturer
Material (mm) Type/Index (N/cm)
EH INI?T106§>§§;na1 Cemented abutment Ti4/Ti5 41/075 External butt 35 Cowellmedi Co., Ltd.,
2-piece implant, #3.5/14 mm (15D3A002) T joint/hexagon Busan, Korea
10 INI?]lgklgil;nal Cemented abutment Ti4/Ti5 3.5/2 Internal conical 35 Cowellmedi Co., Ltd.,
2-piece implant, ©3.5/14 mm (15D4A015) : interface/octagon Busan, Korea
IH INN%ZEZn;;rged Cemented abutment Ti4/Ti5 3.35/2.9 Internal conical 30 Cowellmedi Co., Ltd.,
. (15D5B011) ’ ’ interface/hexagon Busan, Korea
2-piece implant, ©3.5/14 mm &
SlimLine Cemented dual .
OB (14E14-011) abutment Ti4 35/4 _ Tapered external - Dentium Co., Lid,
1-piece implant, ?3.3/14 mm (E26D04616) interface/cementation Seoul, Korea
INNO ML implant EZ cylinder Tapered external Cowgggidkco?e'; Ltd.,
ML (17H1A) (S17102615) Ti4/Ti5 49/32 interface with - Samwon DMP Co.,

1-piece implant, ©¥3.3/14 mm

micro-locking /hexagon

Yangsan, Korea

EH: external-hexagon connection; IO: internal-octagon connection; IH: internal-hexagon connection; OB: one-body implant; ML: micro-locking implant system. Ti 4: commercially pure
titanium grade 4; Ti 5: titanium grade 5 (Ti-6Al-4V).
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(a) (b)

Figure 3. Test set-up following ISO 14801:2007. (a) Schematic illustration of the test design for systems
with no preangled connecting part: (1) loading device; (2) nominal bone level; (3) connecting part;
(4) hemispherical loading members; (5) dental implant body; (6) specimen holder. (b) The set-up for
the mechanical testing.

2.3. Effect of Structure Modifications on the Retention of the Micro-Locking Implant Prosthetic System

In this experiment, four groups were set depending on the structural differences of the attachment
and implant as follows (1 = 10 each group):

(1) HB3: attachment with hexagonal receptacle and 3 balls + implant with a non-hemispherical
retention groove (Figure 4a);

(2) HB6: attachment with hexagonal receptacle and 6 balls + implant with a non-hemispherical
retention groove (Figure 4a);

(3) NHB6: attachment with non-hexagonal receptacle and 6 balls + implant with a non-
hemispherical retention groove (Figure 4a);

(4) HB3+: attachment with hexagonal receptacle and 3 balls + implant with a hemispherical
retention groove (Figure 4b).

(a) (b)

Figure 4. Two types of implants used in the experiment. (a) Implant with a non-hemispherical retention
groove. (b) Implant with a hemispherical retention groove.
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An implant was fixed on the lower clamp of a UTM (MTS Systems Co., Eden Prairie, MN, USA).
Subsequently, attachment was connected to the implant using a dedicated insert driver. A 10-cm-long
metallic strap was connected to the upper clamp of the UTM, and the position of the metal chain
and specimen were adjusted to generate a vertical force to dislodge the attachment from the implant.
A vertical tensile force was applied to the specimen using the UTM equipped with a 1000 N load cell
at a crosshead speed of 5 mm/min until the attachment was separated from the implant [8,15,23].
The peak load to dislodgment was set as the retentive force. Statistical analysis was conducted using
one-way analysis of variance with Tukey’s post-hoc test (x = 0.05).

2.4. Effect of Compressive Cyclic Loading on the Retention of the Micro-Locking Implant Prosthetic System

To apply mechanical cyclic loading, the specimen was placed on the cyclic loading machine at
30 degrees relative to the long axis according to ISO 14801:2007 [22]. A total of 10 specimens were
tested in 1,000,000, 2,000,000, 3,000,000, 4,000,000, and 5,000,000 cycles with a cyclic load of 100 N at a
frequency of 2 Hz. This is equivalent to 1, 2, 3, 4, and 5 years of in vivo mastication, respectively [24].
After each cycle, unilateral removable force was applied to each specimen with the UTM (AG-10KNX,
Shimadzu, Kyoto, Japan) at a crosshead speed of 0.5 mm/min at room temperature. The initial
retentive force and the retentive force were measured after every 1,000,000 cycles until 5,000,000 cycles
were completed, and the mean value was determined. The Wilcoxon signed rank test was used to
evaluate the significance of retention loss in comparison with the retentive force in the previous cycle
(o =0.05).

3. Results

3.1. Load-Bearing Capacity

The IO group showed the highest value, followed by IH, EH, ML, and OB groups (Table 3). The 10
and EH groups showed significantly higher strengths than that of the OB group (p < 0.05), but there
was no significant difference between the EH, 10, IH, and ML groups (p > 0.05) (Table 3). Furthermore,
the IH and ML groups did not show statistically significant differences with the OB group (p > 0.05)
(Table 3). In the EH, IO, and IH groups, most implants showed some deformation such as bending and
cracks in the neck region, and abutment screws showed fracture and bending deformation (Table 4,
Figures 5 and 6). On the other hand, all implants in the OB and ML groups showed only bending
deformations (Table 4, Figures 5 and 6).

Table 3. Mean and SD of load-bearing capacity (N) for each experimental group.

Specimens No. Groups
EH 10 IH OB ML

1 674.52 604.31 685.40 425.25 549.09

2 624.40 677.26 644.01 515.85 554.82

3 637.27 775.14 1000.34 492.89 524.35

4 649.97 869.01 530.65 446.63 484.25

5 681.69 861.22 564.60 482.35 619.59

Mean (SD) 653.57 (21.72)® 75739 (103.35)®  685.00 (167.00) ¢  472.60 (32.54) 2P  546.42 (44.24) 4

EH: external-hexagon connection; IO: internal-octagon connection; IH: internal-hexagon connection; OB: one-body
implant; ML: micro-locking implant system. Values followed by the same letter were significantly different (p < 0.05,
Tamhane test).
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Table 4. Failure modes of the five experimental groups after the load-bearing capacity test (1 = 5).

Two-Pi Impl -Pi Impl
Failure Mode wo-Piece Implant One-Piece Implant
EH 10 IH OB ML
Implant
fracture - 1 - - -
bending + crack - 4 4 - -
bending only - - 1 5 5
minor deformation 5 - - - -
Abutment/Attachment
dislocated 5 5 5 0 5
Abutment screw
fracture 5 1 5 - -
bending - 4 - - -

EH: external-hexagon connection; IO: internal-octagon connection; IH: internal-hexagon connection; OB: one-body
implant; ML: micro-locking implant system.

EH
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200 +

0 1 2 3
Displacement (mm)
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900
800
700 = —
600 a
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300 <
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)
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1000
800

600
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Load (N)
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0 1 2 3
Displacement (mm)

Figure 5. Cont.
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Figure 5. Load-displacement curves and failure mode for each experimental group. EH: external-
hexagon connection; IO: internal-octagon connection; IH: internal-hexagon connection; OB: one-body

implant; ML: micro-locking implant system.

x12.5

1000 jm

Figure 6. Polished cross-sections of embedded failed specimens of the tested implant systems
(original magnifications x12.5, x20). 1O: internal-octagon connection; OB: one-body implant; ML:

micro-locking

implant system.
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3.2. Effect of Structure Modifications on the Retention of the Micro-Locking Implant Prosthetic System

The raw data and the mean and standard deviation of the retentive force for each group are
shown in Table 5. The HB3+ group showed the largest retentive force at 26.40 £ 2.88 N, followed by
HB6, HB3, and NHB6 groups (Table 5). The HB3+ group showed significantly higher retentive forces
than the HB3, HB6, and NHB6 groups (p < 0.05) (Table 5). There was no significant difference between
the HB3, HB6, and NHB6 groups (p > 0.05) (Table 5).

Table 5. Mean + SD of retentive force of the four test groups.

Specimens No. Groups
HB3 HB6 NHB6 HB3+
1 17.58 18.29 24.53 30.28
2 21.20 20.12 16.66 25.41
3 14.38 17.38 17.79 26.13
4 17.04 19.25 19.91 28.97
5 16.82 16.50 16.77 21.32
6 24.53 19.54 16.68 23.71
7 18.20 16.72 15.16 31.02
8 18.79 24.46 14.95 24.94
9 22.68 23.61 13.28 27.38
10 19.94 20.88 15.49 2481
Mean + SD (N) 19.12 £ 2.872 19.68 £ 2.572 1710 +£2.992 26.40 +2.88 P

HB3: attachment with hexagonal receptacle and 3 balls + implant with a non-hemispherical retention groove; HB6:
attachment with hexagonal receptacle and 6 balls + implant with a non-hemispherical retention groove; NHB6:
attachment with non-hexagonal receptacle and 6 balls + implant with a non-hemispherical retention groove; HB3+:
attachment with non-hexagonal receptacle and 3 balls + implant with a hemispherical retention groove. Same letters
indicate no significant differences between groups based on Tukey’s multiple comparison test.

3.3. Effect of Compressive Cyclic Loading on the Retention of the Micro-Locking Implant Prosthetic System

The mean retentive force for each cycle and the significance of the retention loss compared to the
previous cycle are shown in Table 6 and Figure 7. A statistically significant retention loss was observed
after 1,000,000, 3,000,000, and 5,000,000 cycles (p = 0.012, 0.025, and 0.025, respectively), but not after
2,000,000 and 4,000,000 cycles (p = 0.161 and 0.889, respectively). The retentive force decreased after
1,000,000, 3,000,000, and 5,000,000 cycles, and increased after 2,000,000 and 4,000,000 cycles. In addition,
the largest change in the retentive force was observed after the initial 1,000,000 cycles among all cycles,
while the smallest change was observed after 4,000,000 cycles.

Table 6. Mean tensile retention values at each cycle and significance of retention loss as compared with
the previous measurement cycle.

Retentive Force (N) Retention Loss (%)
Cycles Mean + SD P Mean + SD
Initial 29.353 + 5.308 -
1,000,000 20.930 + 2.808 0.012* 27.705 + 9.469
2,000,000 22.596 + 3.982 0.161 —7.797 £ 11.057
3,000,000 18.780 £ 3.250 0.025 * 15.551 4+ 13.746
4,000,000 18.924 + 2.757 0.889 —1.535 + 8.201
5,000,000 17.033 + 3.720 0.025 * 10.564 + 10.591

p-values are from a Wilcoxon signed-rank test with respect to the force generated for the previous measurement
cycle. SD: standard deviation. * Significant difference (p < 0.05).
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Retentive force (N)
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Figure 7. Mean retentive force as a function of the cycle number.

4. Discussion

Mechanical failures of implants occur more often from the repeatable fatigue of loads less than
load-bearing capacity [25]. Fatigue testing simulates in vivo conditions and thus is considered the
most appropriate method of collecting data on an implant’s load-bearing capacity and lifespan [26,27].
However, static fractures also frequently develop when the load-bearing capacity of an implant is
exceeded by an overload [25]. Factors that cause this type of failure include a clenching habit, ingestion
of hard or coarse food, premature contact, and strong bite force [28]. Furthermore, a simple overload
test can allow for conclusions about the critical regions of an implant-abutment assembly [26].

Numerous studies conducted under fatigue stress conditions have reported that internal
connections show a load-bearing capacity and stability that are superior to those of external
connections [4,29]. These results are consistent with the findings in the present study, even though
different experimental methods were used. The lateral forces are effectively distributed throughout
the conical interface of internal connections, but the short hexagon of the external connection is not
sufficiently resistant to lateral forces [25]. This was supported by other findings showing that relatively
deep and dense implant systems with force—fit connection components have a higher load-bearing
capacity than implant systems with flat and joint connections [29,30]. It is also possible that the part
of the abutment that is engaged in the internal connection, which is longer than that of the external
connection, affect load-bearing capacity. Several studies have reported that longer joint lengths
of an abutment-implant connection improve implant lifespan and load-bearing capacity [18,29,31].
Additionally, screw fracture was observed in all samples from the EH group, whereas screw fracture
was observed in only one sample from the IO group. This may be due to differences in load distribution.
The external force applied to the implant component of the external hexagon connection is concentrated
on the abutment screw [32,33], whereas, for the internal connection, the load is distributed deeply along
the inner wall of the implant and the abutment screw is protected by the long internal wall [33,34].
Although the IO and IH groups shared the same implant-abutment geometry, they showed differences
in load-bearing capacity and frequency of screw fracture. The difference in wall thickness can affect
the fracture resistance [23].
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Compared to one-piece implants that have only shown bending deformation, two-piece implants
have been shown to have various fracture patterns, including bending and cracks. Two-piece implants
have greater load-bearing capacities than that of one-piece implants, which contradicts the notion that
the one-body system may be stronger because it does not require a screw connection [18]. Therefore,
load-bearing capacity may be significantly affected by the geometric shape of connecting parts,
the length of the coupled part of the abutment, the thickness of the thinnest part of the implant collar,
and the connection design [18]. Additionally, this shows that implant diameter, length, and taper may
affect load-bearing capacity [35,36]. This study used two-piece and one-body implants of the same
length (14 mm) with slightly different diameters (3.5 and 3.3 mm, respectively). The difference in
diameter may have affected the results [29,35].

In clinical situations, a functional load of approximately 100 N is applied to the anterior teeth,
and a functional load of nearly 300 N is applied to the molars, monotonically increasing the load along
the dental arch [37]. However, 300 N has been suggested as an appropriate load for a single premolar
implant [37], and a maximum of 700 N bite forces has been reported for the second molar region of the
natural dentition [38]. Therefore, the load-bearing capacity of the micro-locking implant prosthetic
system and commercialized NDIs showed sufficient strength for use in single premolar implants.

The limitations of this study include the small number of specimens and an incomplete
reproduction of actual oral conditions. Therefore, it will be necessary to imitate oral conditions
realistically by reproducing complicated chewing motions in a wet environment; further research is
required on a larger number of specimens and a wider range of types of implant systems.

Implant-supported prostheses may need to be retrieved when biological or technical complications
occur [3,5,9]. In addition, implant-supported prostheses may sometimes have to be removed to better
assess oral hygiene [39]. Accordingly, a prosthesis must have retrievability and sufficient retentive
force to hold it in its place. However, due to a lack of dentistry literature, the minimum retentive
force at which a prosthesis can be retrieved and kept in place is unknown [40]. The micro-locking
implant prosthetic system developed in the present study used a novel approach of using a ball and
spring to achieve system retention, which is completely different from any existing retention types.
Therefore, there are no other studies on this topic, so the findings in the present study may provide
useful information that dentists can use in actual clinical situations.

In clinical situations, the crown of a dental implant receives many different forces [23,41]. Bite
force produces a combination of tensile force, compressive force, and shearing force and can induce
large crown displacements, cement lute fractures, and crown breakaways [23]. However, it is almost
impossible to reproduce all of these features in a laboratory [15]. The uniaxial tensile test is popular
among researchers because of its reproducibility and standardization between institutions, and allows
for comparisons with previously published study results [15,23]. Recently, studies have compared
the retentive force of implant-supported prostheses adhered after compressive cyclic loading or
mastication [40,42]. Therefore, the retentive force of the micro-locking implant prosthetic system was
assessed in two experiments. The first only used the tensile test, and the second compared changes in
retentive force according to cyclic loading.

In the comparison of retentive force according to structural change in the micro-locking implant
prosthetic system, the HB3+ group had a higher retentive force than that of the HB3, HB6, and NHB6
groups. This demonstrates that the geometric shape of the retention groove in the implant post affects
retentive force. Conversely, no significant differences in retentive force were found between the HB3,
HB6, and NHB6 groups, confirming that the presence of hexagon connections or the number of balls,
does not affect retentive force. The number of balls and hexagon connections may affect stability
factors that provide resistance against horizontal and rotational stress, rather than the retention factors
of the prosthesis.

In the comparison of retentive force of the micro-locking implant prosthetic system according to
compressive cyclic loading, the maximal loss of retentive force occurred in the early loading phase
(initial 1,000,000 cycles). Even in the case of cement-retained prostheses, Singer and Serfaty [43]
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reported that the largest loss between the adhered crown and abutment occurred during the first
year. Another in vitro study found that the maximal loss of retentive force occurred in the early
loading phase [24]. This is possibly due to the time required for a prosthesis to settle down and
function normally in the oral cavity [44]. The retentive force of the system repeatedly decreased and
increased as cyclic loading was repeated. This phenomenon may be associated with wear. Under cyclic
loading, implant components may become worn out due to subtle movements, and this may lead to a
loss of retentive force. However, it is also possible that changes in the implant surface due to wear
increased surface roughness, and the resulting micromechanical fraction resulted in increased retentive
force [45,46]. The limitation of this experiment was that there was no comparable control because
there was no commercially available product similar to the micro-locking implant prosthetic system.
In addition, many studies have applied an oblique dislodging load, but they were not applicable in the
design of this study [47,48]. On the other hand, it is necessary to prove in further clinical studies that
this retentive force is appropriate for actual clinical situations.

5. Conclusions

The load-bearing capacity of the NDIs of the micro-locking implant prosthetic system is similar
to that of commercialized NDIs, which are mainly used in the anterior region and show sufficient
strength for use in single premolar implants. On the other hand, the retention of the micro-locking
implant prosthetic system was significantly affected by the shape of the retention grooves, and the
retention loss rate tended to decrease after the first year and to stabilize retention over time thereafter.
Studies on this novel micro-locking implant prosthetic system should be continue in various preclinical
studies to verify its applicability in clinical situations.

Acknowledgments: This material is based upon work supported by the Ministry of Trade, Industry & Energy
(MOTIE, Korea) under the Industrial Technology Innovation Program (10063133).

Author Contributions: Jung-Bo Huh and Jae-Won Choi conceived and designed the experiments; Jae-Won Choi,
Eun-Bin Bae, and Jin-Ju Lee performed the experiments; Jae-Won Choi, So-Hyoun Lee, and Chang-Mo Jeong
analyzed the data; Kyung-Hee Choi, Hee-Jin Chae, and Sung-Ki Chae provided the experimental prototype;
Jae-Won Choi and Jung-Bo Huh wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Wittneben, J.G.; Joda, T.; Weber, H.P,; Bragger, U. Screw retained vs. cement retained implant-supported
fixed dental prosthesis. Periodontology 2000 2017, 73, 141-151. [CrossRef] [PubMed]

2. Adell, R.; Lekholm, U.; Rockler, B.; Branemark, PI. A 15-year study of osseointegrated implants in the
treatment of the edentulous jaw. Int. J. Oral. Surg. 1981, 10, 387-416. [CrossRef]

3.  Taylor, T.D.; Agar, ].R. Twenty years of progress in implant prosthodontics. J. Prosthet. Dent. 2002, 88, 89-95.
[CrossRef] [PubMed]

4. Levine, R.A.; Clem, D.; Beagle, ].; Ganeles, J.; Johnson, P; Solnit, G.; Keller, G.W. Multicenter retrospective
analysis of the solid-screw ITI implant for posterior single-tooth replacements. Int. J. Oral. Maxillofac. Implants
2002, 17, 550-556. [PubMed]

5. McGlumphy, E.A.; Mendel, D.A.; Holloway, J.A. Implant screw mechanics. Dent. Clin. N. Am. 1998, 42,
71-89. [PubMed]

6.  Michalakis, K.X.; Hirayama, H.; Garefis, P.D. Cement-retained versus screw-retained implant restorations:
A critical review. Int. ]. Oral. Maxillofac. Implants 2003, 18, 719-728. [PubMed]

7. Pietrabissa, R.; Gionso, L.; Quaglini, V.; Di Martino, E.; Simion, M. An in vitro study on compensation of
mismatch of screw versus cement-retained implant supported fixed prostheses. Clin. Oral Implants Res. 2000,
11, 448-457. [CrossRef] [PubMed]

8.  Covey, D.A,; Kent, D.K,; St Germain, H.A,, Jr.; Koka, S. Effects of abutment size and luting cement type on
the uniaxial retention force of implant-supported crowns. J. Prosthet. Dent. 2000, 83, 344-348. [CrossRef]

9. Chee, W.; Felton, D.A ; Johnson, PE; Sullivan, D.Y. Cemented versus screw-retained implant prostheses:
Which is better? Int. |. Oral. Maxillofac. Implants 1999, 14, 137-141. [PubMed]


http://dx.doi.org/10.1111/prd.12168
http://www.ncbi.nlm.nih.gov/pubmed/28000276
http://dx.doi.org/10.1016/S0300-9785(81)80077-4
http://dx.doi.org/10.1067/mpr.2002.126818
http://www.ncbi.nlm.nih.gov/pubmed/12239483
http://www.ncbi.nlm.nih.gov/pubmed/12182298
http://www.ncbi.nlm.nih.gov/pubmed/9421671
http://www.ncbi.nlm.nih.gov/pubmed/14579961
http://dx.doi.org/10.1034/j.1600-0501.2000.011005448.x
http://www.ncbi.nlm.nih.gov/pubmed/11168237
http://dx.doi.org/10.1016/S0022-3913(00)70138-7
http://www.ncbi.nlm.nih.gov/pubmed/10074764

Materials 2018, 11, 564 14 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Wittneben, ]J.G.; Millen, C.; Brédgger, U. Clinical performance of screw- versus cement-retained fixed
implant-supported reconstructions—A systematic review. Int. J. Oral. Maxillofac. Implants 2014, 29, 84-98.
[CrossRef] [PubMed]

Hebel, K.S.; Gajjar, R.C. Cement-retained versus screw-retained implant restorations: Achieving optimal
occlusion and esthetics in implant dentistry. J. Prosthet. Dent. 1997, 77, 28-35. [CrossRef]

Ma, S.; Fenton, A. Screw- versus cement-retained implant prostheses: A systematic review of prosthodontic
maintenance and complications. Int. ]. Prosthodont. 2015, 28, 127-145. [CrossRef] [PubMed]

Shah, K.C.; Seo, Y.R,; Wu, BM. Clinical application of a shape memory implant abutment system.
J. Prosthet. Dent. 2017, 117, 8-12. [CrossRef] [PubMed]

Lee, H.J.; Paek, ].H. A new retentive type of fixed implant prosthesis without cement: A case report.
Implantology 2016, 20, 66-71.

Klein, M.O.; Schiegnitz, E.; Al-Nawas, B. Systematic review on success of narrow-diameter dental implants.
Int. ]. Oral. Maxillofac. Implants 2014, 29, 43-54. [CrossRef] [PubMed]

Davarpanah, M.; Martinez, H.; Tecucianu, J.F.; Celletti, R.; Lazzara, R. Small-diameter implants: Indications
and contraindications. J. Esthet. Dent. 2000, 12, 186-194. [CrossRef] [PubMed]

Bidra, AS.; Almas, K. Mini implants for definitive prosthodontic treatment: A systematic review.
J. Prosthet. Dent. 2013, 109, 156-164. [CrossRef]

Imam, A.Y.; Moshaverinia, A.; McGlumphy, E.A. Implant-abutment interface: A comparison of the ultimate
force to failure among narrow-diameter implant systems. |. Prosthet. Dent. 2014, 112, 136-142. [CrossRef]
[PubMed]

Papadimitriou, D.E.; Friedland, B.; Gannam, C.; Salari, S.; Gallucci, G.O. Narrow-Diameter versus
Standard-Diameter Implants and Their Effect on the Need for Guided Bone Regeneration: A Virtual
Three-Dimensional Study. Clin. Implant Dent. Relat. Res. 2015, 17, 1127-1133. [CrossRef] [PubMed]

Kim, J.H.; Choi, Y.C,; Kim, H.S.; Hong, S.I. Biocompatibility and Mechanical Performance of Ni-Ti.
Mater. Sci. Forum 2007, 534-6, 1617-1620. [CrossRef]

Wayman, C.M. Shape memory and related phenomena. Prog. Mater. Sci. 1992, 36, 203-224. [CrossRef]
ISO/DIS 14801:2007. Dentistry—Implants—Dynamic Fatigue Test for Endosseous Dental Implants; International
Organization for Standardization: Geneva, Switzerland, 2007.

Bordin, D.; Witek, L.; Fardin, V.P; Bonfante, E.A.; Coelho, P.G. Fatigue Failure of Narrow Implants with
Different Implant-Abutment Connection Designs. J. Prosthodont. 2016, 18. [CrossRef] [PubMed]
Ongthiemsak, C.; Mekayarajjananonth, T.; Winkler, S.; Boberick, K.G. The effect of compressive cyclic loading
on retention of a temporary cement used with implants. . Oral Implantol. 2005, 31, 115-120. [CrossRef]
Park, S.J.; Lee, S.W.; Leesungbok, R.; Ahn, S.J. Influence of the connection design and titanium grades of
the implant complex on resistance under static loading. J. Adv. Prosthodont. 2016, 8, 388-395. [CrossRef]
[PubMed]

Dittmer, S.; Dittmer, M.P,; Kohorst, P; Jendras, M.; Borchers, L.; Stiesch, M. Effect of implant-abutment
connection design on load bearing capacity and failure mode of implants. ]. Prosthodont. 2011, 20, 510-516.
[CrossRef] [PubMed]

Quek, H.C.; Tan, K.B.; Nicholls, ].I. Load fatigue performance of four implant-abutment interface designs:
Effect of torque level and implant system. Int. J. Oral. Maxillofac. Implants 2008, 23, 253-262. [PubMed]
Tagger Green, N.; Machtei, E.E.; Horwitz, J.; Peled, M. Fracture of dental implants: Literature review and
report of a case. Implant Dent. 2002, 11, 137-143. [CrossRef] [PubMed]

Steinebrunner, L.; Wolfart, S.; Ludwig, K.; Kern, M. Implant-abutment interface design affects fatigue and
fracture strength of implants. Clin. Oral Implants Res. 2008, 19, 1276-1284. [CrossRef] [PubMed]

Norton, M.R. An in vitro evaluation of the strength of a 1-piece and 2-piece conical abutment joint in implant
design. Clin. Oral Implants Res. 2000, 11, 458-464. [CrossRef] [PubMed]

Mollersten, L.; Lockowandt, P.; Lindén, L.A. Comparison of strength and failure mode of seven implant
systems: An in vitro test. |. Prosthet. Dent. 1997, 78, 582-591. [CrossRef]

Akga, K.; Cehreli, M.C.; Iplik¢ioglu, H. Evaluation of the mechanical characteristics of the implant-abutment
complex of a reduced-diameter morse-taper implant. A nonlinear finite element stress analysis. Clin. Oral
Implants Res. 2003, 14, 444-454. [CrossRef] [PubMed]


http://dx.doi.org/10.11607/jomi.2014suppl.g2.1
http://www.ncbi.nlm.nih.gov/pubmed/24660192
http://dx.doi.org/10.1016/S0022-3913(97)70203-8
http://dx.doi.org/10.11607/ijp.3947
http://www.ncbi.nlm.nih.gov/pubmed/25822297
http://dx.doi.org/10.1016/j.prosdent.2016.06.007
http://www.ncbi.nlm.nih.gov/pubmed/27622784
http://dx.doi.org/10.11607/jomi.2014suppl.g1.3
http://www.ncbi.nlm.nih.gov/pubmed/24660189
http://dx.doi.org/10.1111/j.1708-8240.2000.tb00221.x
http://www.ncbi.nlm.nih.gov/pubmed/11323862
http://dx.doi.org/10.1016/S0022-3913(13)60035-9
http://dx.doi.org/10.1016/j.prosdent.2014.01.020
http://www.ncbi.nlm.nih.gov/pubmed/24725612
http://dx.doi.org/10.1111/cid.12224
http://www.ncbi.nlm.nih.gov/pubmed/24910367
http://dx.doi.org/10.4028/www.scientific.net/MSF.534-536.1617
http://dx.doi.org/10.1016/0079-6425(92)90009-V
http://dx.doi.org/10.1111/jopr.12540
http://www.ncbi.nlm.nih.gov/pubmed/27859976
http://dx.doi.org/10.1563/1548-1336(2005)31[115:TEOCCL]2.0.CO;2
http://dx.doi.org/10.4047/jap.2016.8.5.388
http://www.ncbi.nlm.nih.gov/pubmed/27826389
http://dx.doi.org/10.1111/j.1532-849X.2011.00758.x
http://www.ncbi.nlm.nih.gov/pubmed/21910778
http://www.ncbi.nlm.nih.gov/pubmed/18548921
http://dx.doi.org/10.1097/00008505-200204000-00014
http://www.ncbi.nlm.nih.gov/pubmed/12078595
http://dx.doi.org/10.1111/j.1600-0501.2008.01581.x
http://www.ncbi.nlm.nih.gov/pubmed/19040443
http://dx.doi.org/10.1034/j.1600-0501.2000.011005458.x
http://www.ncbi.nlm.nih.gov/pubmed/11168238
http://dx.doi.org/10.1016/S0022-3913(97)70009-X
http://dx.doi.org/10.1034/j.1600-0501.2003.00828.x
http://www.ncbi.nlm.nih.gov/pubmed/12869007

Materials 2018, 11, 564 15 of 15

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Pessoa, R.S.; Muraru, L.; Junior, EM.; Vaz, L.G,; Sloten, ].V.; Duyck, J.; Jaecques, S.V. Influence of implant
connection type on the biomechanical environment of immediately placed implants—CT-based nonlinear,
three-dimensional finite element analysis. Clin. Implant Dent. Relat. Res. 2010, 12, 219-234. [CrossRef]
[PubMed]

Binon, P.P. Implants and components: Entering the new millennium. Int. J. Oral. Maxillofac. Implants 2000,
15,76-94. [PubMed]

Petrie, C.S.; Williams, J.L. Comparative evaluation of implant designs: Influence of diameter, length, and
taper on strains in the alveolar crest. A three-dimensional finite-element analysis. Clin. Oral Implants Res.
2005, 16, 486—494. [CrossRef] [PubMed]

Allum, S.R.; Tomlinson, R.A.; Joshi, R. The impact of loads on standard diameter, small diameter and mini
implants: A comparative laboratory study. Clin. Oral Implants Res. 2008, 19, 553-559. [CrossRef] [PubMed]
Ferrario, V.E; Sforza, C.; Serrao, G.; Dellavia, C.; Tartaglia, G.M. Single tooth bite forces in healthy young
adults. . Oral. Rehabil. 2004, 31, 18-22. [CrossRef] [PubMed]

Van Eijden, T.M. Three-dimensional analyses of human bite-force magnitude and moment. Arch. Oral Biol.
1991, 36, 535-539. [CrossRef]

Garg, P; Pujari, M.; Prithviraj, D.R.; Khare, S. Retentiveness of various luting agents used with
implant-supported prosthesis: An in vitro study. J. Oral Implantol. 2014, 40, 649-654. [CrossRef] [PubMed]
Alvarez-Arenal, A.; Gonzalez-Gonzalez, I.; deLlanos-Lanchares, H.; Brizuela-Velasco, A.; Ellacuria-Echebarria, J.
The selection criteria of temporary or permanent luting agents in implant-supported prostheses: In vitro study.
J. Adv. Prosthodont. 2016, 8, 144-149. [CrossRef] [PubMed]

Dudley, J.E.; Richards, L.C.; Abbott, J.R. Retention of cast crown copings cemented to implant abutments.
Aust. Dent. J. 2008, 53, 332-339. [CrossRef] [PubMed]

Alvarez-Arenal, A.; Gonzalez-Gonzalez, I.; Pinés-Hueso, J.; deLlanos-Lanchares, H.; del Rio Highsmith, J.
The Effect of Compressive Cyclic Loading on the Retention of Cast Single Crowns Cemented to Implant
Abutments. Int. ]. Prosthodont. 2016, 29, 80-82. [CrossRef] [PubMed]

Singer, A.; Serfaty, V. Cement-retained implant-supported fixed partial dentures: A 6-month to 3-year
follow-up. Int. ]. Oral. Maxillofac. Implants 1996, 11, 645-649. [PubMed]

Trakas, T.; Michalakis, K.; Kang, K.; Hirayama, H. Attachment systems for implant retained overdentures:
A literature review. Implant Dent. 2006, 15, 24-34. [CrossRef] [PubMed]

Choi, ] W.; Bae, ].H.; Jeong, C.M.; Huh, ].B. Retention and wear behaviors of two implant overdenture
stud-type attachments at different implant angulations. J. Prosthet. Dent. 2017, 117, 628-635. [CrossRef]
[PubMed]

Rutkunas, V.; Mizutani, H.; Takahashi, H.; Iwasaki, N. Wear simulation effects on overdenture stud
attachments. Dent. Mater. ]. 2011, 30, 845-853. [CrossRef] [PubMed]

Zmudzki, J.; Chladek, G.; Kasperski, J.; Dobrzariski, L.A. One versus two implant-retained dentures:
Comparing biomechanics under oblique mastication forces. J. Biomech. Eng. 2013, 135, 54503. [CrossRef]
[PubMed]

Zmudzki, J.; Chladek, G.; Kasperski, J. Single implant-retained dentures: Loading of various attachment
types under oblique occlusal forces. J. Mech. Med. Biol. 2012, 12, 1250087. [CrossRef]

® © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1111/j.1708-8208.2009.00155.x
http://www.ncbi.nlm.nih.gov/pubmed/19438946
http://www.ncbi.nlm.nih.gov/pubmed/10697942
http://dx.doi.org/10.1111/j.1600-0501.2005.01132.x
http://www.ncbi.nlm.nih.gov/pubmed/16117775
http://dx.doi.org/10.1111/j.1600-0501.2007.01395.x
http://www.ncbi.nlm.nih.gov/pubmed/18474061
http://dx.doi.org/10.1046/j.0305-182X.2003.01179.x
http://www.ncbi.nlm.nih.gov/pubmed/15125591
http://dx.doi.org/10.1016/0003-9969(91)90148-N
http://dx.doi.org/10.1563/AAID-JOI-D-12-00008
http://www.ncbi.nlm.nih.gov/pubmed/25506659
http://dx.doi.org/10.4047/jap.2016.8.2.144
http://www.ncbi.nlm.nih.gov/pubmed/27141259
http://dx.doi.org/10.1111/j.1834-7819.2008.00075.x
http://www.ncbi.nlm.nih.gov/pubmed/19133949
http://dx.doi.org/10.11607/ijp.4355
http://www.ncbi.nlm.nih.gov/pubmed/26757336
http://www.ncbi.nlm.nih.gov/pubmed/8908864
http://dx.doi.org/10.1097/01.id.0000202419.21665.36
http://www.ncbi.nlm.nih.gov/pubmed/16569958
http://dx.doi.org/10.1016/j.prosdent.2016.09.027
http://www.ncbi.nlm.nih.gov/pubmed/27863857
http://dx.doi.org/10.4012/dmj.2011-057
http://www.ncbi.nlm.nih.gov/pubmed/22123008
http://dx.doi.org/10.1115/1.4023985
http://www.ncbi.nlm.nih.gov/pubmed/24231964
http://dx.doi.org/10.1142/S021951941250087X
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Micro-Locking Implant Prosthetic System 
	Load-Bearing Capacity 
	Effect of Structure Modifications on the Retention of the Micro-Locking Implant Prosthetic System 
	Effect of Compressive Cyclic Loading on the Retention of the Micro-Locking Implant Prosthetic System 

	Results 
	Load-Bearing Capacity 
	Effect of Structure Modifications on the Retention of the Micro-Locking Implant Prosthetic System 
	Effect of Compressive Cyclic Loading on the Retention of the Micro-Locking Implant Prosthetic System 

	Discussion 
	Conclusions 
	References

