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 Comparison of Customized Abutments Made from  
Titanium and a Machinable Precious Alloy
Jee-Ho Lee, DDS, PhD1/Ji-Man Park, DDS, PhD2/Eun-Jin Park, DDS, PhD3/ 

Jai-Young Koak, DDS, PhD4/Seong-Kyun Kim, DDS, PhD4/Seong-Joo Heo, DDS, PhD4

Purpose: To investigate the clinical usefulness, a customized abutment produced with the Pd-Ag-In alloy was 

compared with a customized abutment produced with the conventional titanium alloy for discoloration and 

mechanical accuracy. Materials and Methods: Discoloration and resistance to corrosion of the Pd-Ag-In 

alloy were evaluated using chemical solutions. Marginal adaptation of internal-type implants and abutments 

was compared using 10 titanium abutments and 10 Pd-Ag-In abutments using a surface measuring system. 

A detorque test was performed on 12 implant-abutment complexes of each control and experimental group 

to investigate screw joint stability. Cyclic loading simulating a human’s mastication movement for 1 year was 

applied after 30 Ncm initial tightening, and the removal torque was measured using a digital torque gauge. 

The noninferiority test was conducted to compare the Pd-Ag-In alloy with a titanium abutment with a 10% 

margin. Results: The Pd-Ag-In alloy had a warm yellow color and displayed stable resistance to discoloration 

and corrosion, resulting in an advantageous esthetic property. When compared to the titanium alloy, it did not 

show noninferiority with respect to the gap between the implant and the abutment; the gap was approximately 

13.3 µm on average, which was not significantly different from those observed in previous studies. After 

long-term use, it displayed statistically significant noninferiority in the removal torque value compared to the 

titanium group. Conclusion: The Pd-Ag-In alloy–based customized abutment had good mechanical properties 

of the implant-abutment complex as well as a superior esthetic property, and can provide favorable outcomes 

in anterior implant restoration. Int J Oral MaxIllOfac IMplants 2016;31:92–100. doi: 10.11607/jomi.4102
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The advent of computer-aided design/computer-
assisted manufacture (CAD/CAM) technology in 

dentistry has enabled the accurate fabrication of cus-
tomized dental prostheses in a short time. Since the 
1970s, CAD/CAM technology has replaced the tradi-
tional methods of processing dental prostheses and 
expanded its application1–3 from the fabrication of 
fixed dental prostheses, including fixed partial den-
tures and crowns, to class II inlays4–7 and the design of 

removable partial dentures and complete dentures,8–10 
as well as implant prostheses and surgical guides.11–14

CAD/CAM systems can decrease deformation, in 
particular, those caused by the traditional lost wax 
technique, and impart regular material properties. The 
shape and thickness of the prostheses can also be con-
trolled as needed with a CAD/CAM system. The system, 
therefore, can save processing time in a dental labo-
ratory compared to the time involved in a traditional 
method for the fabrication of dental prostheses.15,16 
Anatomical morphology and angulation are available 
for correction in CAD/CAM titanium-customized abut-
ments as in cast abutments.17

The main materials used for customized abutments 
made by a CAD/CAM system have been titanium or zir-
conia. The material property of a titanium abutment is 
the same as that of a titanium dental implant. There-
fore, a titanium abutment has less abrasion and high 
resistance to fracture in long-term use. However, thin 
gingiva causes esthetic problems such as a shadow ef-
fect in the case of anterior teeth. While zirconia abut-
ments are frequently selected for patients with thin 
gingiva for the esthetic purpose, they have a disadvan-
tage; they cause abrasion of the implant itself owing 
to the wear resistance difference between zirconia and 
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titanium, especially for external-type connection im-
plants.18,19 Zirconia abutments also can be fractured at 
the thin connecting part in internal-type implants.20–22 
Hybrid-type abutments using titanium linker may fail 
at the bond between the linker and the superior part 
of zirconia.23,24

Although titanium has been widely used in the 
CAD/CAM system as a processing metal,25,26 it forms a 
thick oxidation layer on the surface and requires rela-
tively long times for processing.27 A palladium alloy 
can overcome these shortcomings, and a color similar 
to the gold alloy can be obtained by adjusting the ratio 
of palladium to indium. It also improves the material 
properties and the bond strength between the alloy 
and ceramic. Hence, the palladium alloy has recently 
been considered as an alternative to replace titanium 
in dental implant prostheses.28–30

A large number of mechanical complications in 
long-term follow-up for implant prostheses come from 
the compromised fixation and stability of the connec-
tion part between the implant and the abutment.31–33 
Screw loosening is one of the frequent problems, es-
pecially for the external butt joint implants.34 Screw 
joint stability generally depends on the goodness of 
fit of the connection of the implant-abutment and the 
tolerance between them, and screw loosening occurs 
when the bending force is larger than the clamping 
force caused by the preload of the screw and the set-
tling effect between the screw and the internal sur-
face of the implant. For internal-connection implants, 
the frictional resistance at the implant-abutment in-
terface may have a greater influence on the implant 
screw joint stability than the preload of a screw. With 
the wedge effect and friction resistance, the overall 
joint can still be stable while the detorque value of 
the internal-connection implant decreases after the 
axial displacement of the abutment.35 The stability of 
the implant superstructure is evaluated by measur-
ing the screw joint stability and screw loosening. The 
most universal method is to investigate micromotion 
after applying dynamic loading using a strain gauge 
or measuring the detorque of the abutment screw us-
ing a digital torque gauge.36–38 When the assessment 
of stability in the implant superstructure using gap 
measurement between the implants and abutments 
and analyzing the fit of the implant superstructure is 
required, several methods are available, for example, 
the measurement of the gap in the outer perimeter of 
the implant-abutment connection and the adaptation 
as a function of radius.39,40

Verification of the mechanical properties of the Pd-
Ag-In alloy is needed for their use as alloy abutments 
in dental implant prostheses to overcome the esthetic 
and mechanical limits of the traditional titanium abut-
ment, thereby improving clinical outcomes. However, 

there has been little research on the marginal adapta-
tion and detorque value between the implants and the 
customized abutments made by the CAD/CAM-based 
Pd-Ag-In alloy. The purpose of this study is to compare 
mechanical accuracy and esthetics of the CAD/CAM-
based customized abutment for the application of 
implant prostheses to the traditional titanium custom-
ized abutment, and evaluate the prospective clinical 
application.

MATERIALS AND METHODS

Properties of Code 10.2 Alloy
In this study, the code 10.2 alloy (Ceragem Biosys) 
was composed of palladium (Pd, 30~40 wt %), indium 
(In, 30~40 wt %), silver (Ag, 20~30 wt %), gold (Au, 
1~5 wt %), and copper (Cu, 2~10 wt %). The basic al-
loy was made using a vacuum-melting furnace (DTIH-
0050VMF, Dongyang Induction Melting Furnace) for 
preventing air impregnation.

The corrosion and discoloration behavior were ex-
amined according to ISO22674:2006. Experimental 
specimens that were prepared to investigate the resis-
tance to corrosion had a size of 34 × 13 × 1.5 mm. A 
corrosion solution of pH 2.3 ± 0.1 (lactic acid + sodium 
chloride, CAS 72-17-3 + CAS 7647-14-5) was made 
and contained 1 mL/cm2 of specimen in glass vessels 
at 37°C for 7 days. The solution was analyzed using a 
pH meter (720A, Orion Research) after removal of the 
specimen.

Specimens with 10 mm radius and 0.5 mm thick-
ness were used for testing resistance to discoloration 
by immersing in a 0.1 mol/L solution of sodium sulfide 
for 15 s/min using the discoloration tester (Tarnish 
tester, Myungsung Industry) for 72 hours. The speci-
mens were washed after the immersing process and 
were visually compared with samples that were not 
immersed.

Customized Abutment Fabrication
For the control group, a premilled block (Biogenesis) 
was prepared from a titanium alloy (Ti 6Al-4V ELI) for 
the customized abutment. For the experimental group, 
the mold was designed to make a rod-type alloy for a 
premilled block of Code 10.2 alloy, which was fixed at 
the milling machine (SR-20RIII, Star Micronics) for the 
fabrication of the customized abutment.

The customized abutment was designed according 
to the molar library, and the cutback procedure was 
performed using a dental CAD/CAM system (Dental 
System, 3Shape). Premilled blocks of titanium (con-
trol group) and Code 10.2 alloy (experimental group) 
were processed using a 5-axis milling machine (Arum 
DEG-5X100, Doowon) for the customized abutments 
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Fig 1 (left)  Fabrication of customized 
abutments. (a) Processing of premi-
lled block using 5-axis milling machine; 
(b) completed customized abutments.

Fig 2 (below)  Gap measurement be-
tween the customized abutment and 
implant. (a) Accura 2000 surface mea-
suring system; (b) implant-abutment com-
plex; (c) gap measurement procedure.

of the same design (Fig 1). In this study, an internal-
connection-type, regular-diameter implant system 
(GSIII, Osstem) was used for connection to the custom-
ized abutments.

Gap Measurement Between the Customized 
Abutment and Implant
Twenty internal-type implants were prepared for the 
comparison of marginal adaptation between the ti-
tanium abutment and the Code 10.2 alloy abutment. 
Ten implant-abutment complexes were prepared for 
the control (titanium) and another 10 for the experi-
mental (Code 10.2 alloy) group. The gap was measured 
using a surface measuring system (Accura 2000, Intec 
Plus) with 0.1 mm precision at 240× magnification. The 
measurement was repeated 50 times for each speci-
men (Fig 2).

Screw Joint Stability Evaluation by Detorque 
Value Measurement After Cyclic Loading
Twelve implant-abutment complexes were prepared for 
the control group and experimental group each. The 

custom-made crowns were fabricated for the load cell 
of a universal testing machine to evenly distribute the 
force on the specimens. A jig was made for the fixation 
of the implant-abutment specimen conforming to the 
ISO 14801:2007 standard, and the load cell was set for 
the loading to be applied at 30 degrees. The implant-
abutment samples were tightened to 30 Ncm while they 
were held in a holding device specially designed for the 
torque measurement. Torque values were measured 
using a digital torque gauge (MTT03-50, MARK-10) ac-
cording to manufacturer recommendations. The torque 
gauge was also fixed in the holding device to prevent it 
from off-axis movement during measurement (Fig 3). The 
initial detorque value was measured 10 minutes after 
tightening. Before applying 106 cycles of loading, the 
30 Ncm tightening was repeated two times at 10-min-
ute intervals. The final detorque value was measured 
after cyclic loading (Fig 4). A universal testing machine 
(ElectroPlusTM E3000, Instron) was used for the repeated 
loading for 106 cycles ranging from 0 to 320 N with a 
sine wave of 14 Hz, which corresponded to a human’s 
mastication movement for 1 year.

a

a

b

c

b
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Statistical Analysis
The statistical analyses were performed with R 
software version 3.0 (R Foundation for Statistical 
Computing). The noninferiority test for the gap mea-
surements was conducted for the titanium and the 
Code 10.2 alloy with a noninferiority margin (NIM) 
of 10% of the control group. If the upper bound of 
the 95% confidence interval (CI) for the difference 
of the changes (Code 10.2 alloy changes-titanium 
changes) was smaller than the noninferiority mar-
gin, the authors declared the sample noninferior. 
The mean implant-abutment gaps were compared 
between the titanium and the Code 10.2 alloy using 
the Mann-Whitney test.

For the removal torque test, the noninferiority test 
to compare the change between the initial values and 
the measurement after the cycles for the two groups 
was conducted, and a 10% noninferiority margin was 
considered. Mean detorque values of the titanium 
and the Code 10.2 alloy groups were compared be-
fore and after cyclic loading, respectively, using the 
Mann-Whitney test at a significance level of α = .05.

RESULTS

In resistance to a corrosion test of the Code 10.2 alloy, 
the mean amount of ions measured in the solution 
was 108.78 mg/cm2, and gold and palladium were not 
detected. However, In was detected at 78.4 mg/cm2, 
and Ag was detected at 0.31 mg/cm2. The maximum 
metal ion release did not exceed 200 µg/cm2 after 

7 days, which was the allowed limit specified in 
ISO22674:2006. All of the specimens had no dis-
coloration in the test of resistance to discoloration.

A CI of 95% for the difference of the average im-
plant-abutment gap ranging from -4.1 to 2.0 µm and 
the maximum (2.0 µm) was larger than the NIM, which 
was 1.2 µm according to the 10% setting from the 
control group. Therefore, noninferiority was not shown 
in the comparison of the gap between titanium and 
Code 10.2 alloy abutments (Fig 5a). The mean gap 
was 12.2 ± 2.0 µm in titanium and 13.3 ± 3.7 µm in 
the Code 10.2 alloy. A significant difference was not 
shown in the marginal gap between the two groups 
(P = .76) (Fig 5b).

For the removal torque test, a CI of 95% for the 
difference of change ranging from -7.0 to -2.1 Ncm 
and the maximum (-2.1 Ncm) was smaller than the 
NIM, which was 1.5 Ncm according to the 10% set-
ting from the control group. Therefore, noninferiority 
was shown in the comparison of the detorque value 
(Fig 6a, Table 1). The mean difference before and 
after the cycles was 14.7 ± 3.1 Ncm in titanium and 
10.1 ± 2.6 Ncm in the Code 10.2 alloy. A significant 
difference was shown in the comparison of the dif-
ference of change in detorque value after loading 
(P < .01). The mean initial torque was 24.3 ± 2.6 Ncm 
in titanium and 22.8 ± 2.1 Ncm in the Code 10.2 alloy. 
The mean torque after cyclic loading was 9.7 Ncm in 
titanium and 12.7 Ncm in the Code 10.2 alloy (Table 
1). A significant difference was not shown in the 
initial torque between the two groups (P = .13), but 
was seen in the torque after loading (P < .01) (Fig 6b).

Fig 3  Detorque measurement and cyclic loading procedure. (a) Digital torque gauge was used for torque control and measurement. 
(b) Custom-made housing prevented the torque gauge from exerting an off-axis force on the screw. (c) Universal testing machine was 
utilized to apply repeated loading that is equivalent to 1 year of mastication.

a

b

c
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Fig 4  Experiment protocol. Customized abutment was tightened twice with 30 Ncm torque at 10-minute intervals. The initial de-
torque was measured 10 minutes after the second tightening. The procedure was repeated before applying 106 cycles of loading 
simulating the mastication movement for 1 year. The final detorque was measured after cyclic loading.

Fig 5  Gap measurement of the customized abutment and implant. (a) Noninferiority could not be confirmed in the comparison under 
the confidence interval of 95% for the difference of average. The green line denotes the noninferiority margin. (b) Mean microgap 
value of Code 10.2 and Ti-6Al-4V alloy groups.

Fig 6  Comparison of removal torque after cyclic loading. (a) Noninferiority in the detorque value was found at 95% confidence inter-
val of detorque value change between Code 10.2 alloy and Ti-6Al-4V alloy. The green line refers to the noninferiority margin. (b) Mean 
detorque values before and after 106 cycles of loading. The asterisk denotes significant difference (P < .01).
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DISCUSSION

With the recent advance of CAD/CAM technology, 
the use of customized abutments for the purpose of 
overcoming the shape limitations of the conventional 
stock abutments and reducing the cost of materials 
for implant-supported prostheses in the field of im-
plants has increased gradually. However, the use of 
customized abutments made of titanium is limited for 
anterior esthetics because when the gingiva is thin, 
the titanium material underneath the gingiva is visible 
externally or the gingiva looks gray and dim. In a color 
study on pig gingivae, Jung et al reported that the 
titanium underneath the crown was visible through 
the gingiva if the thickness of the gingiva was less 
than 2 mm.41 Ishikawa-Nagai et al conducted spec-
troscopic color measurements of the gingiva around 
the implant, where eight color strips (white, black, 
light pink, pink, light orange, orange, gold, and violet) 
were placed, and showed that light pink displayed a 
clinically indistinguishable color difference from the 
color of the implant neck. To address the problem 
that the color of the metal is visible through tissues 
around the implant, the surface of the implant neck or 
abutments is treated with an anodizing treatment to 
give a yellow color, and thus, the esthetic limitations 
of titanium-based material are improved.42 Titanium 
abutments coated with titanium nitride (TiN) using the 
cathodic arc deposition technique have been utilized 
to mask a grayish tint through the gingiva. Mezger 
and Creugers mentioned that a TiN coating displayed 
outstanding characteristics such as abrasion and cor-
rosion resistance, but since defects on the surface 
of the coating such as pores and microcracks were 
observed, the development of a homogeneous and 
continuous coating films was necessary.43 Since such 
coating technology does not address the problem of 
the metal color directly and it is a treatment limited to 
the surface, there has been an issue of peeling of the 
coating.44 The Code 10.2 alloy had a warm yellow color, 
which was the color of the alloy itself, and it did not 
show the problem of exfoliation during the study. The 
corrosion and discoloration resistance test was done 
to evaluate the alloy’s esthetic aspect because the 
corroded or discolored abutment might influence the 
anterior esthetics by showing the grayish gingival hue 
or the exposed abutment itself around the recessed 
gingiva. All of the specimens had no discoloration, 
and ions of precious metal were not detected in a 
corrosion solution.

In the present study, the noninferiority test was cho-
sen to compare titanium and Code 10.2 alloy for the 
microgap and the removal torque change after cyclic 
loading. There may be a significantly larger microgap 
in the Code 10.2 alloy compared to titanium, and the 

detorque value change in the Code 10.2 alloy might be 
larger than that of titanium in the mean comparison. 
However, if noninferiority is shown in the Code 10.2 
alloy, it can be considered to at least not be inferior 
to currently used titanium and clinically acceptable in 
return for the given secondary benefits.45

In order to examine how precisely the abutment 
screw joint was fabricated, the gap in the outer diam-
eter of the implant-abutment assembly was measured 
after fabrication. A total of 50 points were selected 
around the outer perimeter of the implant-abutment 
connection, based on a report by Groten et al.46 Be-
cause the morphologic variations of implant com-
ponents are small, the number 50 was considered 
to be sufficient to estimate the mean discrepancy 
of the implant-abutment gap. The noninferiority of 
the Code 10.2 alloy to titanium was not shown for 
the gap between the implant and the abutment in 
a 10% noninferiority margin. However, in the mean 
comparison, the gaps of two groups were not signifi-
cantly different, which were 12.2 ± 2.0 µm in titanium 
and 13.3 ± 3.7 µm in the Code 10.2 alloy. The average 
microgap of the Code 10.2 alloy was shown to be dif-
ferent from that of titanium alloys by 1.1 µm, which 
is clinically considered not very different. There have 
been various reports on the gap size in the implant-
abutment interface depending on the method of 
measurement. Callan et al reported a gap size of 30 to 
135 µm,47 while Jansen et al48 reported between 1 and 
10 µm. The gap size measured in this study was not sig-
nificantly different from previous studies. According to 
Passos et al,49 even when the gap was less than 5 µm, 
the invasion of E coli, with a diameter of 1.1 to 1.5 µm 
and a length of 2 to 6 µm, occurred in many implant 
systems, while an implant with a hexagonal, tapered 
internal connection had a better capacity to seal.50,51 
Since it is difficult to stop the E coli invasion in most 
of the implant systems, crestal bone loss in a saucer 
shape is in fact found around the implant-abutment 
gap in the implants of the external connection type.52 
The microgap is positioned far from the crestal bone in 
case of internal-connection-type implants with verti-
cal offset like the soft tissue level Straumann implant 

Table 1 Detorque Value Before and After the 
106 Cycles of Functional Loading 

Control,  
Titanium  
(n = 12)

Experimental,  
Code 10.2 
(n = 12) P value

Initial 24.3 ± 2.6 22.8 ± 2.1 .13

After 106 cycles 9.7 ± 1.8 12.7 ± 1.5 <.01

Difference 14.7 ± 3.1 10.1 ± 2.6 <.01

Detorque values were compared using Mann-Whitney test at a 
significance level of α = .05.
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or those with horizontal offset that were selected in 
this study. It has been reported that these implant 
systems showed less bone resorption around implants 
compared to butt-joint external connection types.53–55 
It is considered that more studies on precision are 
needed in order to improve the mechanical compli-
ance, and additional biologic studies on the bacterial 
invasion are also necessary.

In order to investigate the stability against screw 
loosening, which is one of the frequent implant com-
plications after long-term use, the detorque value was 
measured before and after cyclic loading of 1 million 
cycles corresponding to human masticatory cycles for 
a year. In this study, following the initial 30-Ncm tight-
ening torque, retightening was done after 10 minutes. 
Siamos et al56 reported that a repeated tightening 
protocol prevented a settling effect, which induces 
a loss of preload in the initial stage in case of two-
piece abutments. Because a customized abutment 
and screw, which were used in both groups, can be 
assumed to be another form of two-piece abutment, 
repeated tightening was applied.57

Detorque values after cyclic loading for all groups 
were less than the initial torque. This result is consis-
tent with the reports of Haack et al and Schulte and 
Coffey.37,58 The noninferiority was shown in the Code 
10.2 alloy group, which had a competitive detorque 
value compared to the titanium abutment and could 
be considered to be employed clinically. Moreover, 
the detorque value change from cyclic loading in the 
Code 10.2 alloy was less than that in titanium, and the 
mean removal torque after cyclic loading in the Code 
10.2 alloy was also higher than that in titanium. In 
respect of the removal torque test, the Code 10.2 alloy 
can be considered clinically acceptable from both the 
noninferiority test and the mean comparison.

In this study, the reduction rate of detorque values 
after cyclic loading was lower than that observed in 
the study of Kano et al59 on the premachined gold 
UCLA abutment made of precious metals in the 
external-connection-type implant. While different 
manufacturers might be the cause for this difference, 
it was mostly attributed to the different connection 
types. A study by Ha et al60 on the internal-connection-
type implant identical to the one used in this study 
showed that the internal-hex implant displayed a 
lower removal torque value after cyclic loading than 
the external-hex implant, and the torque reduction 
rate was also higher in the internal connection type. 
This is likely attributed to the shape of the abutment 
of the internal connection type, which is a wedge 
shape, and subsequently allows the frictional force 
between the abutment and the implant to have a 
greater impact on the implant screw joint stabil-
ity than the preload of a screw.35 In contrast, in the 

case of the external-connection-type implant, the 
implant screw joint stability mostly depends on the 
axial preload of the abutment screw.61 Although the 
customized abutment used in this study was not 
a one-piece-abutment-like solid abutment (Solid 
abutment, Straumann) that depends entirely on the 
frictional force, but a two-piece abutment, it was 
difficult to take out the abutment from the implant 
by hand after unscrewing it. After cyclic loading, the 
abutment sank down onto the interior of the implant, 
followed by cold welding between the implant and 
the abutment, and moreover, since the length of the 
expanded screw was rather shortened, the preload 
was decreased, which could be an explanation for 
the lowering of detorque values after cyclic loading in 
this study. Since the abutment made of precious alloy 
used in this study as well as the gold UCLA abutment 
is ductile compared to that made of nonprecious alloy, 
a slight plastic deformation occurs, which is more like-
ly to happen when there is no exposure to oxygen or 
other reactive compounds.62 Sutter et al63 reported 
this phenomenon in the ITI Morse taper design. Ha et 
al64 mentioned that the cold welding occurred when 
the detorque value was increased after cyclic loading. 
However, it appears that the direct contact relations 
between the abutment and the implant need to be 
considered together, rather than simply defining the 
cold welding as detorque value increase in case of 
the internal-connection-type implant in which the 
abutment is fitted into the implant by a wedge shape.

In this study, the corrosion and tarnish resistances, 
marginal adaptation, and detorque value after cyclic 
loading of the Code 10.2 alloy abutment were ana-
lyzed in vitro in comparison with the titanium alloy 
abutment. It is considered that animal experiments 
under additional biologic conditions and clinical stud-
ies applied to actual patients are necessary before 
comprehensive clinical utilization in the future.

CONCLUSIONS

In order to envisage the clinical utilization of a custom-
ized abutment produced with the Pd-Ag-In alloy (Code 
10.2 alloy), mechanical accuracy was evaluated by 
comparing it with a customized abutment produced 
with a conventional titanium alloy. The Pd-Ag-In alloy 
had a warm yellow color and displayed stable resis-
tance to discoloration and corrosion, resulting in an 
advantageous esthetic property. The mean microgap 
between the implant and the abutment was 13.3 µm, 
and it did not show noninferiority when compared to 
the titanium alloy. After long-term use, it displayed 
statistically significant noninferiority in the removal 
torque value compared to the titanium group.
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The customized abutment made of the Pd-Ag-In 
alloy not only had an esthetic advantage but also 
showed steadily favorable results in the fit of the 
implant-abutment gap and detorque value. Con-
sequently, it can help improve clinical outcomes in 
anterior implant restoration.

ACKNOWLEDGMENTS

This work was partly supported by the Technological Innovation 
R&D program of SMBA (SA112600) and the Basic Science Re-
search Program through the National Research Foundation of 
Korea (NRF) funded by the Ministry of Science, ICT & Future 
Planning (NRF-2013R1A1A1076022). The authors reported no 
conflicts of interest related to this study.

REFERENCES

 1. Prithviraj DR, Bhalla HK, Vashisht R, Sounderraj K, Prithvi S. Revolu-
tionizing restorative dentistry: An overview. J Indian Prosthodont 
Soc 2014;14:333–343.

 2. Priest G. Virtual-designed and computer-milled implant abutments. 
J Oral Maxillofac Surg 2005;63:22–32.

 3. Park JM, Lee JB, Heo SJ, Park EJ. A comparative study of gold UCLA-
type and CAD/CAM titanium implant abutments. J Adv Prostho-
dont 2014;6:46–52.

 4. Zandparsa R. Digital imaging and fabrication. Dent Clin North Am 
2014;58:135–158.

 5. Miyazaki T, Nakamura T, Matsumura H, Ban S, Kobayashi T. Current 
status of zirconia restoration. J Prosthodont Res 2013;57:236–261.

 6. Keul C, Stawarczyk B, Erdelt KJ, et al. Fit of 4-unit FDPs made of 
zirconia and CoCr-alloy after chairside and labside digitalization— 
a laboratory study. Dent Mater 2014;30:400–407.

 7. Büchi DL, Ebler S, Hämmerle CH, Sailer I. Marginal and internal fit of 
curved anterior CAD/CAM-milled zirconia fixed dental prostheses: 
An in-vitro study. Quintessence Int 2014;45:837–846.

 8. Lang LA, Tulunoglu I. A critically appraised topic review of comput-
er-aided design/computer-aided machining of removable partial 
denture frameworks. Dent Clin North Am 2014;58:247–255.

 9. Kanazawa M, Iwaki M, Minakuchi S, Nomura N. Fabrication of 
titanium alloy frameworks for complete dentures by selective laser 
melting. J Prosthet Dent 2014;112:1441–1447.

10. Grösser J, Sachs C, Stadelmann M, et al. Computer-aided fabrica-
tion of a zirconia 14-unit removable dental prosthesis: A technical 
report. Int J Comput Dent 2014;17:307–316.

11. Kapos T, Evans C. CAD/CAM technology for implant abutments, 
crowns, and superstructures. Int J Oral Maxillofac Implants 2014; 
29(suppl):117–136.

12. de França DG, Morais MH, das Neves FD, Barbosa GA. Influence of 
CAD/CAM on the fit accuracy of implant-supported zirconia and 
cobalt-chromium fixed dental prostheses. J Prosthet Dent 2015; 
113:22–28.

13. Lee JH, Park JM, Kim SM, et al. An assessment of template-guided 
implant surgery in terms of accuracy and related factors. J Adv 
Prosthodont 2013;5:440–447.

14. Park JM, Yi TK, Koak JY, et al. Comparison of five-axis milling and 
rapid prototyping for implant surgical templates. Int J Oral Maxil-
lofac Implants 2014;29:374–383.

15. Yuan F, Sun Y, Wang Y, Lv P. Computer-aided design of tooth 
preparations for automated development of fixed prosthodontics. 
Comput Biol Med 2014;44:10–14.

16. Hamza TA, Ezzat HA, El-Hossary MM, et al. Accuracy of ceramic res-
torations made with two CAD/CAM systems. J Prosthet Dent 2013; 
109:83–87.

17. Abduo J. Fit of CAD/CAM implant frameworks: A comprehensive 
review. J Oral Implantol 2014;40:758–766.

18. Brodbeck U. The ZiReal Post: A new ceramic implant abutment.  
J Esthet Restor Dent 2003;15:10–23; discussion 24.

19. Cavusoglu Y, Akça K, Gürbüz R, Cehreli MC. A pilot study of joint 
stability at the zirconium or titanium abutment/titanium implant 
interface. Int J Oral Maxillofac Implants 2014;29:338–343.

20. Leutert CR, Stawarczyk B, Truninger TC, Hämmerle CH, Sailer I. 
Bending moments and types of failure of zirconia and titanium 
abutments with internal implant-abutment connections: A labora-
tory study. Int J Oral Maxillofac Implants 2012;27:505–512.

21. Truninger TC, Stawarczyk B, Leutert CR, et al. Bending moments 
of zirconia and titanium abutments with internal and external 
implant-abutment connections after aging and chewing simula-
tion. Clin Oral Implants Res 2012;23:12–18.

22. Stimmelmayr M, Sagerer S, Erdelt K, Beuer F. In vitro fatigue and 
fracture strength testing of one-piece zirconia implant abutments 
and zirconia implant abutments connected to titanium cores. Int J 
Oral Maxillofac Implants 2013;28:488–493.

23. Sghaireen MG. Fracture resistance and mode of failure of ceramic 
versus titanium implant abutments and single implant-supported 
restorations. Clin Implant Dent Relat Res 2015;17:554–561.

24. Gehrke P, Alius J, Fischer C, Erdelt KJ, Beuer F. Retentive strength of 
two-piece CAD/CAM zirconia implant abutments. Clin Implant Dent 
Relat Res 2014;16:920–925.

25. Boening KW, Walter MH, Reppel PD. Non-cast titanium restorations 
in fixed prosthodontics. J Oral Rehabil 1992;19:281–287.

26. Walter M, Böning K, Reppel PD. Clinical performance of machined 
titanium restorations. J Dent 1994;22:346–348.

27. Gilbert JL, Covey DA, Lautenschlager EP. Bond characteristics of 
porcelain fused to milled titanium. Dent Mater 1994;10:134–140.

28. Goodacre CJ. Palladium-silver alloys: A review of the literature.  
J Prosthet Dent 1989;62:34–37.

29. Huget EF, Civjan S. Status report on palladium-silver-based crown 
and bridge alloys. J Am Dent Assoc 1974;89:383–385.

30. Kansu G, Aydin AK. Evaluation of the biocompatibility of various 
dental alloys: Part 2—Allergenical potentials. Eur J Prosthodont 
Restor Dent 1996;4:155–161.

31. Wittneben JG, Buser D, Salvi GE, et al. Complication and failure 
rates with implant-supported fixed dental prostheses and single 
crowns: A 10-year retrospective study. Clin Implant Dent Relat Res 
2014;16:356–364.

32. Pjetursson BE, Brägger U, Lang NP, Zwahlen M. Comparison of 
survival and complication rates of tooth-supported fixed dental 
prostheses (FDPs) and implant-supported FDPs and single crowns 
(SCs). Clin Oral Implants Res 2007;18(suppl 3):97–113.

33. Pjetursson BE, Tan K, Lang NP, et al. A systematic review of the sur-
vival and complication rates of fixed partial dentures (FPDs) after an 
observation period of at least 5 years. Clin Oral Implants Res 2004; 
15:625–642.

34. Gracis S, Michalakis K, Vigolo P, et al. Internal vs. external connec-
tions for abutments/reconstructions: A systematic review. Clin Oral 
Implants Res 2012;23(suppl 6):202–216.

35. Lee JH, Kim DG, Park CJ, Cho LR. Axial displacements in external 
and internal implant-abutment connection. Clin Oral Implants Res 
2014;25:e83–e89.

36. Cibirka RM, Nelson SK, Lang BR, Rueggeberg FA. Examination of the 
implant-abutment interface after fatigue testing. J Prosthet Dent 
2001;85:268–275.

37. Haack JE, Sakaguchi RL, Sun T, Coffey JP. Elongation and preload 
stress in dental implant abutment screws. Int J Oral Maxillofac 
Implants 1995;10:529–536.

38. Martin WC, Woody RD, Miller BH, Miller AW. Implant abutment 
screw rotations and preloads for four different screw materials and 
surfaces. J Prosthet Dent 2001;86:24–32.

39. Byrne D, Houston F, Cleary R, Claffey N. The fit of cast and prema-
chined implant abutments. J Prosthet Dent 1998;80:184–192.

40. Coelho AL, Suzuki M, Dibart S, Da Silva N, Coelho PG. Cross- 
sectional analysis of the implant-abutment interface. J Oral Rehabil 
2007;34:508–516.

41. Jung RE, Sailer I, Hammerle CH, Attin T, Schmidlin P. In vitro color 
changes of soft tissues caused by restorative materials. Int J Peri-
odontics Restorative Dent 2007;27:251–257.

© 2016 BY QUINTESSENCE PUBLISHING CO, INC. PRINTING OF THIS DOCUMENT IS RESTRICTED TO PERSONAL USE ONLY. 
NO PART MAY BE REPRODUCED OR TRANSMITTED IN ANY FORM WITHOUT WRITTEN PERMISSION FROM THE PUBLISHER. 



100 Volume 31, Number 1, 2016

Lee et al

42. Ishikawa-Nagai S, Da Silva JD, Weber HP, Park SE. Optical phenome-
non of peri-implant soft tissue. Part II. Preferred implant neck color 
to improve soft tissue esthetics. Clin Oral Implants Res 2007;18: 
575–580.

43. Mezger PR, Creugers NH. Titanium nitride coatings in clinical den-
tistry. J Dent 1992;20:342–344.

44. Lee JY, Oh DJ, Kim HJ, Chung CH. Mechanical properties of tin 
coated film with various coating thickness on titanium alloy.  
J Korean Acad Prosthodont 2007;45:675–686. 

45. Walker E, Nowacki AS. Understanding equivalence and noninferior-
ity testing. J Gen Intern Med 2011;26:192–196.

46. Groten M, Girthofer S, Probster L. Marginal fit consistency of copy-
milled all-ceramic crowns during fabrication by light and scanning 
electron microscopic analysis in vitro. J Oral Rehabil 1997;24:871–881.

47. Callan DP, O’Mahony A, Cobb CM. Loss of crestal bone around den-
tal implants: A retrospective study. Implant Dent 1998;7:258–266.

48. Jansen VK, Conrads G, Richter EJ. Microbial leakage and marginal 
fit of the implant-abutment interface. Int J Oral Maxillofac Implants 
1997;12:527–540.

49. Passos SP, Gressler May L, Faria R, Özcan M, Bottino MA. Implant-
abutment gap versus microbial colonization: Clinical significance 
based on a literature review. J Biomed Mater Res B Appl Biomater 
2013;101:1321–1328.

50. Piattelli A, Scarano A, Paolantonio M, et al. Fluids and microbial pene-
tration in the internal part of cement-retained versus screw-retained 
implant-abutment connections. J Periodontol 2001;72:1146–1150.

51. Steinebrunner L, Wolfart S, Bossmann K, Kern M. In vitro evaluation of 
bacterial leakage along the implant-abutment interface of different 
implant systems. Int J Oral Maxillofac Implants 2005;20:875–881.

52. Esposito M, Ekestubbe A, Gröndahl K. Radiological evaluation 
of marginal bone loss at tooth surfaces facing single Brånemark 
implants. Clin Oral Implants Res 1993;4:151–157.

53. Buser D, Martin W, Belser UC. Optimizing esthetics for implant 
restorations in the anterior maxilla: Anatomic and surgical consider-
ations. Int J Oral Maxillofac Implants 2004;19(suppl):43–61.

54. Cappiello M, Luongo R, Di Iorio D, et al. Evaluation of peri-implant 
bone loss around platform-switched implants. Int J Periodontics 
Restorative Dent 2008;28:347–355.

55. Guerra F, Wagner W, Wiltfang J, et al. Platform switch versus 
platform match in the posterior mandible - 1-year results of a multi-
centre randomized clinical trial. J Clin Periodontol 2014;41:521–529.

56. Siamos G, Winkler S, Boberick KG. Relationship between implant 
preload and screw loosening on implant-supported prostheses.  
J Oral Implantol 2002;28:67–73.

57. Kim KS, Lim YJ, Kim MJ, et al. Variation in the total lengths of abut-
ment/implant assemblies generated with a function of applied 
tightening torque in external and internal implant-abutment con-
nection. Clin Oral Implants Res 2011;22:834–839.

58. Schulte JK, Coffey J. Comparison of screw retention of nine abut-
ment systems: A pilot study. Implant Dent 1997;6:28–31.

59. Kano SC, Binon P, Bonfante G, Curtis DA. Effect of casting proce-
dures on screw loosening in UCLA-type abutments. J Prosthodont 
2006;15:77–81.

60. Ha CY, Lim YJ, Kim MJ, Choi JH. The influence of abutment angula-
tion on screw loosening of implants in the anterior maxilla. Int J 
Oral Maxillofac Implants 2011;26:45–55.

61. Cehreli MC, Akça K, Iplikçioğlu H, Sahin S. Dynamic fatigue 
resistance of implant-abutment junction in an internally notched 
morse-taper oral implant: Influence of abutment design. Clin Oral 
Implants Res 2004;15:459–465.

62. Kalpakjian S. Manufacturing engineering and technology. In: 
Schmid SR (ed). Cold Welding and Roll Bonding. Upper Saddle 
River: Prentice Hall, 2006:981.

63. Sutter F, Weber HP, Sorensen J, Belser U. The new restorative con-
cept of the ITI dental implant system: Design and engineering. Int J 
Periodontics Restorative Dent 1993;13:408431.

64. Ha CY, Kim CW, Lim YJ, Jang KS. The effect of internal implant-abut-
ment connection and diameter on screw loosening. J Korean Acad 
Prosthodontics 2005;43:379–392.

© 2016 BY QUINTESSENCE PUBLISHING CO, INC. PRINTING OF THIS DOCUMENT IS RESTRICTED TO PERSONAL USE ONLY. 
NO PART MAY BE REPRODUCED OR TRANSMITTED IN ANY FORM WITHOUT WRITTEN PERMISSION FROM THE PUBLISHER. 




