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Purpose: Ceria-stabilized zirconia/alumina nanocomposite (Ce-TZP/A) has excellent
fracture toughness and bending strength that could be useful for partial denture
framework application. The aim of this study was to investigate the effects of three-
dimensional (3D) geometry on the bending and fatigue properties of a model simulation
of Ce-TZP/A clasps. Materials and Methods: Half oval-shaped Ce-TZP/A rods were
prepared in six 3D designs. Specimens were either of standard (width divided by
thickness: 2.0/1.0 mm) or flat type (2.5/0.8 mm) cross-sectional areas with taper ratios
of 1.0, 0.8, or 0.6. As a comparison, cobalt-chromium (Co-Cr) alloy rods of the same
shape as the Ce-TZP/A standard shape rod were prepared. All specimens were
subjected to the cantilever test and loaded until fracture. They were also cyclically
loaded 108 times with various constant displacements, and the maximum displacement
prior to fracture was determined for each specimen. Three-dimensional finite element
analysis (3D FEA), simulating the cantilever test, was performed to determine the stress
distribution during loading. Results: Specimens with the standard cross-sectional
shape exhibited higher rigidity and higher fracture loads than the flat specimens by the
cantilever test. In addition, lower taper ratios were consistently associated with larger
displacements at fracture. Fatigue tests revealed that the maximum displacement

prior to fracture of Ce-TZP/A specimens was comparable to that of Co-Cr alloy
specimens. The 3D FEA showed that specimens with a taper ratio of 0.6 had the

least stress concentration. Conclusions: Ce-TZP/A clasp specimens with a standard
cross-sectional shape and a 0.6 taper ratio exhibited the best bending properties
among those tested. Int J Prosthodont 2015,28:191-197. doi: 10.11607/jjp.4113

Tooth loss can cause functional and esthetic
problems that compromise patients’ oral health-
related quality of life but can be rectified by prosth-
odontic treatment. Implant-supported prostheses
are gradually replacing conventional prostheses as
the treatment of choice; however, removable partial
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dentures (RPDs) remain a frequently applied treat-
ment intervention because they are less expen-
sive and invasive than implant-retained dentures.
Cobalt-chromium (Co-Cr) alloys have long been
used as the standard material for RPD frameworks
because of their excellent mechanical properties.
One of the recognized disadvantages of Co-Cr alloy
is its esthetically unacceptable metallic color, requir-
ing complicated fabrication procedures. This material
also has the potential to cause a metallic allergy.

To address these problems, modification of the
clasp surface and the use of nonmetallic materials as
clasps have been tried. Examples include etching the
clasp arm and coating it with a layer of tooth-colored
acrylic resin,"® using acetal resin clasps available in
16 different colors (Vitapan, VITA Zahnfabrik),*® and
using nonmetal clasp dentures that do not include me-
tallic structures.”® All of these alternative approaches
have their shortcomings. For instance, coated resin on
metal clasps is very likely to crack in the resin layer,
and the inherent low elastic modulus of acetal resin
clasps requires their considerable enlargement to
achieve clinically acceptable retentive forces, which
could interfere with the shape of the abutment teeth.
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Fig1 Schematics of the specimens (mm). Tip = loading point;
fixed area = portion for fixation to the testing machine; A = width
of the base; B = thickness of the base; a = width of the tip;
b = thickness of the tip.

Table 1 Cross-Sectional Shape and Taper Ratio of the
Specimens (mm)
Taper  Width  Thickness ~ Width  Thickness

Group ratio  of base of base of tip of tip

| 1.0 2.00 1.00 2.00 1.00
0.8 2.00 1.00 1.60 0.80
0.6 2.00 1.00 1.20 0.60

1 1.0 2.50 0.80 2.50 0.80
0.8 2.50 0.80 2.00 0.64
0.6 2.50 0.80 1.50 0.48

Nonmetal clasp prostheses using thermoplastic res-
ins that do not include a metal structure may distort
underocclusal forces and produce excessive stress on
the denture ridge.>'°

Brittle materials, such as ceramics in general,
are not suitable for RPD clasps, which are subject-
ed to repetitive bending during denture insertion
and removal, and, therefore, need to be flex-
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ible. Ceria-stabilized zirconia/alumina nanocomposite
(Ce-TZP/A; P-nanoZR, Panasonic Healthcare),"" which
is composed of a matrix of 10 mol% CeO,-stabilized
TZP containing 30 vol% Al,O, as a second phase, is
a newer generation of zirconia that can be processed
by dental computer-aided design/computer-assist-
ed manufacture (CAD/CAM) systems. Because of
its higher bending strength and fracture toughness
compared to conventional yttrium partially stabilized
zirconia (Y-TZP)," Ce-TZP/A has been used for the
frames of all-ceramic fixed prostheses. Ce-TZP/A
also exhibits a similar elastic modulus to that of Co-
Cr alloys and better bending properties than Y-TZP,
indicating that this material may be suitable for use
in RPD frameworks. Such frameworks would have a
significant impact on clinical dentistry because they
can solve the three forementioned disadvantages of
Co-Cr alloy frameworks. Specifically, Ce-TZP/A clasps
may be esthetically superior, applicable to patients
with metal allergies, and compatible with processing
using a dental CAD/CAM system.

For clasps to function over the long term without
permanent deformation or fracture, their elastic limit
must be sufficiently higher than the amplitude of clasp
strain during RPD insertion and removal, and the
fatigue characteristics after repetitive bending, even
if they are below the elastic limit, must remain stable.
The aim of this study was to investigate the effect of
the three-dimensional (3D) geometry of a Ce-TZP/A
model and simulated clasps on their bending and fa-
tigue characteristics.

Materials and Methods
Specimen Preparation

Half-oval-shaped Ce-TZP/A rods of 15 mm length
were prepared by a CAD/CAM system. The loading
point was located 12 mm from the specimen holder
to simulate the circumferential clasp for the molar
(Fig 1). Six different specimen types were placed in
one of two groups: group |, standard (width/thick-
ness: 2.0/1.0 mm) or group ll, flat type (2.5/0.8 mm)
cross-sectional areas with taper ratios of 1.0, 0.8, or
0.6 (ratio of cross-sectional dimension at the loading
point to the base point) (Fig 1, Table 1). The group |
standard cross-sectional shapes were the same as
the standard Co-Cr alloy clasps used for molars.'2™
In addition, specimens with a taper ratio of 0.4 were
processed by a dental CAD/CAM system. However,
fracture occurred frequently during processing, and,
therefore, these specimens were not tested in this
study. As a comparison, Co-Cr alloy specimens in the
same shape as the Ce-TZP/A group | were prepared.
Wax patterns for casting were first manufactured
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Table 2 Cross-Sectional Shape and Taper Ratio
Simulated by the 3D FEA (mm)

Taper  Width Thickness ~ Width  Thickness
Group ratio  of base of base of tip of tip
| 1.0 2.00 1.00 2.00 1.00
0.8 2.00 1.00 1.60 0.80
0.6 2.00 1.00 1.20 0.60
0.4 2.00 1.00 0.80 0.40
| 1.0 2.50 0.80 2.50 0.80
0.8 2.50 0.80 2.00 0.64
0.6 250 0.80 1.50 0.48
0.4 2.50 0.80 1.00 0.32

Load (kgf)

1 1 |
L1 ==1.0-0.8-0.6}

04
0O 02 04 06 08 1 12 14 16 18 2
Displacement (mm)

with a 3D printer (DDLS-SP-1, DICO) using 3D digi-
tal data from the Ce-TZP/A group | specimens. These
patterns were embedded, and then the Co-Cr alloy
(Heraenium, Heraeus Kulze) were casted following
the manufacturer’s instructions.

Cantilever Test

The specimens were placed in a universal testing ma-
chine (Instron 1125-5500R, Instron) and loaded until
fracture by applying radial direction force at the tip
of each clasp arm at a crosshead speed of 0.5 mm
per minute. The load-displacement curves were re-
corded and the effects of the cross-sectional design
and taper ratios on the loads and the displacements
at Ce-TZP/A fracture were evaluated using two-way
analysis of variance followed by Tukey tests (P < .01).
In addition, the maximum principal stress at fracture
was calculated using the load and displacement data
of the Ce-TZP/A specimens with a taper ratio of 1.0.

Fatigue Test

Each specimen was placed in a testing machine
(Servopulsar, Shimadzu) and repeatedly loaded for 108
cycles' under constant deflection by application of a
radial direction force at the tip of each specimen at a
frequency of 5 Hz. The maximum displacement am-
plitude of each specimen that did not cause fracture
was determined.

Finite Element Analysis

A 3D finite element analysis (3D FEA) was performed
by modeling the same conditions as the cantilever
test. The 3D FEA models, which were created with 3D
FEA software (ANSYS V10.0 FEM, ANSYS), were the-
oretically identical to the specimens used for the can-
tilever test. Models with the taper ratio of 0.4 for both
groups, which could not be processed by the CAM

Fig2 Load-displacement curves of the Ce-TZP/A and cobalt-
chromium groups.

system due to technical problems, were also created,
and a total of eight 3D FEA models were analyzed
(Table 2). All nodes at the fixed area (Fig 1) of each
3D FEA model were restrained in all directions, and
a concentrated load was applied to the tip of the 3D
FEA models in the radical direction. An elastic modu-
lus of 245 GPa and Poisson ratio of 0.30, based on
information provided by the manufacturer, were used
in the program to approximate the Ce-TZP/A proper-
ties. The model included 18,785 to 22,390 nodes and
4,706 to 6,775 tetrahedral elements. Using the canti-
lever test results, contour maps with calculated maxi-
mum principal stresses were constructed for each
3D FEA model, and the stress distributions in the 3D
FEA models with different cross-sectional shapes and
taper ratios were visually analyzed. Furthermore, the
magnitudes of the maximum principal stresses were
calculated for the condition where a load of 0.5 kgf
was applied to the tip of the 3D FEA models.

Results
Cantilever Test

Fracture of the Ce-TZP/A specimens consistently
occurred at the base region of each specimen inde-
pendent of the 3D geometry. The maximum principal
stress at fracture, estimated from the data obtained
from the Ce-TZP/A specimens with taper ratio 1.0, was
approximately 1,100 MPa (group I: 1,083 *+ 41 MPa,
group II: 1,161 + 85 MPa).

Figure 2 displays the load-displacement curves
for the Ce-TZP/A groups | and Il and the Co-Cr al-
loy group. The rigidity of Ce-TZP/A group | as evalu-
ated by the slope of the curve was higher than that of
Ce-TZP/A group Il when the taper ratio was con-
trolled, and rigidity declined with decreasing taper
ratio for each group. The rigidity of Ce-TZP/A group |
was comparable to or slightly higher than that of
Co-Cr alloy for each taper ratio.
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Fig3 (a) Loads at fracture. (b) Displacements at fracture. *P < .01.

Table 3 Loads and Displacements (Means * SDs) at
Fracture for the Six Specimen Types (n = 5)

Group Taper ratio Load (kgf) Displacement (mm)
I 1.0 252 £ 0.06 0.69 £ 0.06

0.8 2.16 £ 0.06 0.86 + 0.03

0.6 2.22 + 0.05 1.23 + 0.06
Il 1.0 1.88 *+ 0.06 0.81 + 0.03

0.8 1.85 £ 0.12 1.04 £ 0.06

0.6 1.86 £ 0.08 1.39 £ 0.03

Table 4 Results of Two-Way Analysis of Variance
Determining the Effects of the Cross-Sectional
Area Design and the Taper Ratio on the
Loads and Displacements

Sum of
df squares F P
Load
Cross-sectional 1 1.43 230 < .0001
shape
Taper ratio 2 0.21 170 < 0001
Cross-sectional 2 0.17 187 .0001
shape X taper ratio
Displacement
Cross-sectional 1 0.17 749 < 0001
shape
Taper ratio 2 1.62 358 < .0001
Cross-sectional 2 0.01 1.13 .3384

shape X taper ratio

Table 5 Maximum Displacements Applied During the
Fatigue Test that Did Not Cause Fracture for the
Ce-TZP/A and Cobalt-Chromium (Co-Cr) Groups

Displacement (mm)

Group Taper ratio Ce-TZP/A Co-Cr
| 1.0 0.50 0.50
0.8 0.70 0.70
0.6 0.85 0.90
I 1.0 0.65
0.8 0.80
0.6 0.90
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Tables 3 and 4 and Fig 3 summarize the ampli-
tudes of the loads and displacement of Ce-TZP/A
specimens at fracture and the effects of the cross-
sectional shape and the taper ratio. The most signifi-
cant finding was that group | exhibited consistently
and significantly higher loads at fracture than group
Il. Another significant finding was that lower taper
ratios were associated with larger displacements at
fracture (P < .01).

Fatigue Test

Table 5 shows the maximum displacements applied
during the fatigue test that did not cause fracture for
Ce-TZP/A groups | (Fig 4) and Il and the Co-Cr al-
loy group. The maximum displacements of Ce-TZP/A
group | were comparable to those of the Co-Cr alloy
group and were lower than those of Ce-TZP/A group |l
for each taper ratio. In each group, lower taper ratios
were associated with larger displacements. Overall,
the maximum displacement prior to fracture was larg-
er than 0.5 mm in all specimens.

Finite Element Analysis

Figure 5 shows the contour maps of Ce-TZP/A group
| and Il models with a maximum principal stress of
1,000 MPa, which was assumed to be the load just pri-
or to fracture because the maximum principal stress
at fracture was approximately 1,100 MPa, estimated
using the results of the cantilever test. The maximum
principal stress was consistently observed at the base
of each model except for the model with taper ratio
0.4, where fracture did actually occur in the speci-
mens assessed by the cantilever test. In both groups,
a smaller taper ratio was associated with less stress
concentration. However, specimens with taper ratio
0.4 showed concentration of high stress at the middle
site. Overall, specimens with taper ratio 0.6 showed
the least concentration of stress.
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Fig 4 Effect of the taper ratio on the fatigue property of the Ce-TZP/A group | specimens. The displacements prior to fracture
are plotted as a function of the cycle number. The maximum displacement, which did not cause fracture after 106 cyclic loadings,
was 0.5 mm for the specimens with 1.0 taper ratio (left), 0.7 mm for those with 0.8 taper ratio (center), and 0.85 mm for those with
0.6 taper ratio (right).
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Fig5 Contour maps showing a maximum principal stress value of 1,000 MPa.

Figure 6 displays the maximum principal stress val-
ues when a load of 0.5 kgf was applied to the tip of

each 3D FEA model. The maximum principal stress 800
of Ce-TZP/A group | was lower than that of Ce-TZP/A
group Il for each taper ratio. The maximum principal
600 {=—========mmmm o mmm oo

stress value decreased with decreasing taper ratios,
except for a ratio of 0.4, where it increased.

Discussion

Bates' and Ney'® reported that the ideal clasp arm

Maximum principal stress (MPa)

should have a half-round cross-sectional shape and be D)) N
uniformly tapered from its point of attachment at the
clasp body to its tip in order to achieve flexibility. Such
half-round and tapered designs have been the stan- 0 . . ‘

dard for Co-Cr alloy clasps used in the clinical setting, 1.0 0.8 06 0.4
and the group | design was created based on them. In
addition, because thinner and wider clasp arm designs
were recommended for reducing fatigue and/or per-

Taper ratio

manent deformation,””'® the authors also investigated
flat type specimens (group II) for comparison.

Fig 6 Maximum principal stress when a load of 0.5 kgf was
applied to the tip of the 3D FEA models.
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For long-term use of RPD clasps, the displace-
ment of the clasp tip that occurs during insertion
and removal of the denture must be within the elastic
limit.'>'® The standard design for Co-Cr alloy clasps
suggested in the literature was used in this study be-
cause the elastic modulus of Ce-TZP/A is comparable
to that of Co-Cr alloy. The authors’ finding that the
maximum displacements prior to fracture were more
than 0.5 mm in all designs tested suggested that the
risk of fracture for Ce-TZP/A clasps is, in theory, low
if the clasp is designed to use the same amount of
undercut (0.25 mm)?° as used for Co-Cr alloy clasps.

It should be noted, however, that the Ce-TZP/A
specimens fractured during the cantilever test, where-
as the Co-Cr specimens did not. This difference was
expected because of the inherent brittle characteris-
tics of ceramics despite the higher fracture strength of
Ce-TZP/A compared to Y-TZP. Therefore, this study
aimed to find a 3D clasp design that is less susceptible
to fracture. The results indicated that the cross-sec-
tional area had a significant effect on the load at frac-
ture. Group | (standard design) exhibited a much higher
fracture load than group Il (flat design). For clinical ap-
plications, clasp arms need to exert an appropriate re-
tentive force. Ideally, the fracture load should be much
greater than this force in order to avoid clasp fractures.
In this regard, the standard cross-sectional design
might have the advantage over the flat cross-sectional
design. In addition to higher fracture loads, the clasps
with the standard design need a smaller undercut than
the flat design to exert a given retentive force because
of their higher rigidity, which is also advantageous for
brittle materials such as zirconia. Furthermore, the re-
sults of the FEA analysis showed that the maximum
principal stress of group | was lower than that of group
Il when a constant load was applied (Fig 6).

Although the fatigue test indicated that group I
exhibited slightly higher fatigue resistance than the
standard design, both Ce-TZP/A groups exhibited ex-
cellent fatigue resistance, comparable to that of Co-Cr
alloy (Table 5). The maximum displacement values
prior to fracture were higher than 0.5 mm in all of the
specimens, which is twice as large as the magnitude
of the undercut that Co-Cr alloy clasps need to exert
for appropriate retention. Therefore, fatigue destruc-
tion of Ce-TZP/A clasps is unlikely to happen or is as
likely as for Co-Cr alloy clasps.

Specimens with taper ratio of 0.6 showed the larg-
est displacement at comparable loads when com-
pared with specimens with the other two taper ratios,
suggesting that this taper ratio is the most appropri-
ate among the three designs. This was also supported
by the FEA analysis, which showed that the 3D FEA
models with 0.6 taper had the least stress concentra-
tion in the model (Fig 5).
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In this study, the authors examined only straight
type specimens, which are different from the clasp
design used clinically, and the curvature of the clasp
could affect its rigidity and stress distribution.'5'8:21.22
Furthermore, previous studies have indicated that the
retentive force of the clasp is affected by the con-
tour and curvature radius of the abutment tooth as
well as the friction coefficient between the abutment
tooth and the clasp.?®-%% In future studies, these fac-
tors should also be examined to determine the optimal
Ce-TZP/A clasp design.

This laboratory report indicated that the selected
and tested specimens with 2.0-mm width, 1.0-mm
thickness at the base, and 0.6 taper ratio exhibit
the best bending properties with acceptable fatigue
properties for the different studied designs. These
preliminary data established a basic comparison set
for applying Ce-TZP/A as a clasp material and sug-
gests promise for additional study, especially in a
clinical context.

Conclusions

Using Ce-TZP/A specimens, mechanical testing, and
3D FEA, the authors elucidated the effects of 3D de-
sign geometries on the bending and fatigue prop-
erties of model and simulated zirconia clasps. The
results showed that specimens with 2.0-mm width,
1.0-mm thickness, and 0.6 taper ratio demonstrated
the best bending properties with acceptable fatigue
properties.
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Literature Abstract

Flapless versus conventional flapped dental implant surgery: A meta-analysis

This study analyzed implant failure rates, postoperative infection, and marginal bone loss in patients with dental implants inserted
by a flapless surgical technique versus the open flap technique. An electronic search undertaken in March 2014 yielded 23 eligible
publications for analysis, all of which included human studies. The estimates of relative effect for dichotomous outcomes were
expressed in risk ratio (RR) and in mean difference (MD) in millimeters, with a 95% confidence interval (Cl). From these studies, a
total of 1,648 implants were placed through flapless surgery, with 51 failures (3.09%), and 1,848 implants were placed through open
flap surgery, with 32 failures (1.73%). The test for overall effect showed that the two techniques statistically affected implant failure
rates with a RR of 1.75 (95% CI: 1.07 to 2.86) for the use of flapless surgery. However, sensitivity analysis showed when studies
with high risk and low risk bias were pooled separately, no significant effects of flapless surgery on the occurrence of postoperative
infection (P = .96; RR: 0.96, 95% Cl: 0.23 to 4.03) or on marginal bone loss (P + .16; MD: —0.07 mm, 95% Cl: -0.16 to 0.03) were
found. The authors concluded that though the different surgical techniques statistically affected implant failure, the results have to
be interpreted with caution due to the limitations of this study. The lack of control of confounding factors, the presence of inherently
flawed retrospective studies and the lack of data led them to believe that future double-blinded randomized controlled trials with
larger patient samples will help determine the true outcome of flapless implant surgery on patient outcome variables.
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