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ABSTRACT
Statement of problem. The clinical use of ceramic resin-bonded fixed dental prostheses (RBFDPs)
in the posterior region is desirable for esthetic and biological reasons but has been associated with
many technical problems, including fractures or chipping of the veneer. Although these problems
may be overcome by using monolithic zirconia, information is lacking about the load-bearing
capacity of resin-bonded monolithic zirconia restorations for replacing a molar.

Purpose. The purpose of this in vitro study was to compare the load-bearing capacity (Fu), the load
at initial damage (F1d), and the failure pattern of posterior RBFDPs fabricated from monolithic
zirconia (MZr), veneered zirconia (VZr), and veneered cobalt-chromium (VCo).

Material and methods. For the replacement of a maxillary first molar, 4 groups (n=8) of RBFDPs
differing in prosthesis material and retainer design (MZr-IR-RBFDPs, VZr-IR-RBFDPs, MZr-WR-RBFDPs,
and VCo-WR-RBFDPs; IR, inlay-retained; WR, adhesive wing-retained) were fabricated with anatomic
congruence of the FDP-abutment complex. The RBFDPs were subjected to thermocycling
(10 000×6.5�C/60�C) and mastication simulation (30-degree oblique loading on the pontic;
1 200 000×108 N) and then loaded until failure in a universal testing machine (0.5 mm/minute).
Test forces correlating with Fu and F1d were recorded. Statistical analysis was performed by using
2-way analysis of variance (ANOVA), 2-way repeated measures ANOVA, and the Tukey honest
significant differences post hoc test (2-sided a=.05).

Results. Fu was significantly affected by retainer design (P<.001) and F1d by both retainer design
(P<.001) and prosthesis material (P<.001). Fu was more than 2000 N for WR-RBFDPs and more than
1000 N for IR-RBFDPs (Tukey test ranking: MZr-WR-RBFDPs = VCo-WR-RBFDPs > MZr-IR-RBFDPs =
VZr-IR-RBFDPs). Ceramic RBFDPs failed by complete fracture in the connector region, whereas
failure of VCo-WR-RBFDPs was limited to the ceramic veneer. F1d was significantly lower (P�.004)
than Fu for veneered specimens only; F1d started at test forces below 500 N and coincided with
veneer cracking.

Conclusions. Load-bearing capacity suitable for the definitive restoration of a molar was observed
for all groups. Veneered resin-bonded fixed dental prostheses, however, were susceptible to
cracking of the veneer. (J Prosthet Dent 2018;119:89-96)
Presupposing careful patient
selection, adherence to a strict
clinical protocol, and a retentive
preparation design of the adhe-
sive wing, metal-ceramic resin-
bonded fixed dental prostheses
(RBFDPs) retained by adhesive
wings (wing-retained [WR-]
RBFDPs) have achieved a 10-
year survival rate, similar to
that of conventional FDPs in
posterior locations.1,2 Promising
results have also been obtained
for metal-ceramic FDPs with
adhesively cemented retainers in
the formof inlays (inlay-retained
[IR-]RBFDPs).3 Inlays have,
moreover, been evaluated for
retention of metal-free RBFDPs
and enable minimally invasive
and complete tooth-colored
restorations.4-7 Fabricated from
fiber-reinforced composite and
heat-pressed lithium disilicate
glass ceramic, posterior IR-
RBFDPs were found, however,
to be particularly vulnerable to
erials used in this study provided by DeguDent GmbH.
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Figure 1. Master models of abutment teeth: A, Prepared for inlay
retainers. B, Prepared for adhesive wing retainers.

Clinical Implications
In a defect-related treatment approach for definitive
restorations of single, posterior, bounded
edentulous spaces, monolithic zirconia
resin-bonded fixed dental prostheses may be a
viable alternative to veneered zirconia and
metal-ceramic RBFDPs, with reduced risk of
technical complications.
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fracture.8,9 Compared with metal-ceramic and ceramic
IR-RBFDPs fabricated from lithium disilicate glass,
zirconia-based IR-RBFDPs had better fracture resistance
in vitro,10-14 which was regarded as sufficiently high to
effectively withstand mastication forces in the molar re-
gion.15-17 Clinical testing of zirconia-based IR-RBFDPs,
however, revealed a high (20%) incidence of early failure
over an observation period of only 12 months.18 Resto-
rations failed mainly because of debonding of the inlay
retainers and delamination and chipping of the ceramic
veneer, revealing the need for further design consider-
ations rather than relying solely on a stronger framework
material.19-22 In this context, the additional axial
coverage23 of inlay retainers with buccal and lingual wings
substantially increased the survival rate of zirconia-based
IR-RBFDPs to 95.8% after 5 years.24 Chipping of the
ceramic veneer was still a factor limiting the success of
these restorations, however. Avoiding the veneer where it
is subjected to contact loading might be a straightforward
strategy for preventing the early failure of ceramic resto-
rations.25,26 Consequently, monolithic zirconia RBFDPs
were proposed as an esthetic and robust alternative to
metal-ceramic and veneered zirconia RBFDPs.27 How-
ever, laboratory testing28-30 of such restorations has not
yet been conducted. Therefore, the purpose of this in vitro
study was to compare the load-bearing capacity and first
damage of posterior monolithic and veneered zirconia
IR-RBFDPs and monolithic zirconia and metal-ceramic
WR-RBFDPs. The null hypothesis was that no differ-
ences would be found between these prosthesis designs.

MATERIAL AND METHODS

In this study, RBFDPs replaced a first molar (mesiodistal
width, 11 mm) of a maxillary anatomic study model
(ANA 4; Frasaco GmbH). For IR-RBFDPs, the abutment
teeth were prepared with 2-surface inlay cavities in
accordance with guidelines for the preparation of ceramic
inlay-supported prostheses.4 Occlusal boxes were pre-
pared by following the anatomy of the central fissure
with a depth of 1.5 mm measured from the isthmus floor
to the central groove and widths of 2 mm for the pre-
molar and 3 mm for the molar abutment tooth. Proximal
boxes were prepared 2 mm deeper than occlusal boxes,
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with axial reduction of 1.5 mm and a width of 3 mm. For
WR-RBFDPs, another set of abutment teeth was pre-
pared with a narrow chamfer finish line, proximal,
palatal, and occlusal reduction of 0.5 mm, and occlusal
boxes (depth, 1.5 mm; width, 1.5 mm) and proximal
grooves (length, 4 mm) as retentive elements as
described for posterior metal-ceramic WR-RBFDPs.31 In
general, parallel walls were prepared by using a paral-
leling device with a preparation angle of 4 degrees.
Internal line angles were rounded, preparations were
finished by using fine grit (30-mm) diamond rotary in-
struments (Komet; Gebr. Brasseler GmbH & Co KG),
and tooth reduction was evaluated using a silicone index
(Flexitime Easy Putty; Heraeus Kulzer GmbH) and
measured with a millimeter-scaled periodontal probe.

Definitive casts (GC Fujirock EP-Premium line; GC
Europe N.V.) (Fig. 1) were made from polyether im-
pressions (Impregum Penta H DuoSoft + Impregum L
Duo Soft; 3M ESPE) and digitized by using a laboratory
scanner (D800; 3Shape A/S).

Two designs of either IR- or WR-RBFDPs were fabri-
cated for each model, resulting in a total of 4 study groups
(n=8): monolithic zirconia IR-RBFDPs (MZr-IR-RBFDPs),
veneered zirconia IR-RBFDPs (VZr-IR-RBFDPs), mono-
lithic zirconia WR-RBFDPs (MZr-WR-RBFDPs), and
metal-ceramic veneered cobalt-chromium WR-RBFDPs
(VCo-WR-RBFDPs).

MZr-IR-RBFDPs and MZr-WR-RBFDPs were
designed (Dental Designer; 3Shape A/S) to restore the
original situation determined from a scan of the
completely dentate study model with unprepared abut-
ment teeth. In the next step, both virtual models were
provided with standardized loading sites on the mesio-
palatal cusp (tilted by 60 degrees relative to the direction of
insertion) with special 3-dimensional (3D) manipulation
software (Geomagic DesignX V 5.1.0.0; 3D Systems Inc)
(Fig. 2A, B) as previously described.32 For the veneered
Bömicke et al
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Figure 2. Three-dimensional models of RBFDPs with standardized loading sites. A, Monolithic zirconia inlay-retained RBFDP. B, Monolithic zirconia
wing-retained RBFDP. C, Veneered zirconia inlay-retained RBFDP; split-view with veneer (light gray) separated from zirconia framework (dark gray).
D, Veneered cobalt-chromium wing-retained RBFDP; split-view with veneer (light gray) separated from metal framework (dark gray). RBFDPs,
resin-bonded fixed dental prostheses.
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RBFDPs, the monolithic design was split into an
anatomically reduced framework and a veneer structure
(Fig. 2C, D). Set to a uniform thickness of 0.7 mm, the
veneer covered the pontics of the VZr-IR-RBFDPs and
VCo-WR-RBFDPs and, for VZr-IR-RBFDPs, also the
occlusal retainer surfaces. Gingival connector embrasures
were not veneered, and retained their original form.
Connector cross-sections were set at 12 mm2 for mono-
lithic restorations and 9 mm2 for frameworks of veneered
restorations. These procedures resulted in 3D restoration
files with identical position and shape of the occlusal
loading site and identical external retainer geometries
within corresponding subgroups for the 4 study groups.
Zirconia structures were milled (Cercon Brain Expert;
DeguDent GmbH) from presintered blanks of translucent
3 mol% yttria-stabilized zirconia (Cercon ht medium;
DeguDent GmbH) and sintered to their final dimensions
at 1500�C (Cercon Heat Plus; DeguDent GmbH).

Frameworks of metal-ceramic RBFDPs were milled
from a wax blank (Cercon wax; DeguDent GmbH) and
cast in cobalt-chromium alloy (Remanium star; Dentau-
rum GmbH and Co KG). The veneer was also milled from
heat-eliminatable material (VZr-IR-RBFDPs: Cercon base
cast; DeguDent GmbH, VCo-WR-RBFDPs: Cercon wax;
DeguDent GmbH). The veneer was attached to the
frameworks and complemented anatomically with
modeling wax (S-U-Ästhetikwachs-O; Schuler Dental
GmbH) by using silicone templates of the basal surfaces of
the respective monolithic equivalents to create similar
Bömicke et al
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basal geometries of veneered and monolithic RBFDPs.
The frameworks were overpressed (CergoPress; Degu-
Dent GmbH) with ceramic veneer (VZr-IR-RBFDPs:
Cercon ceram press; DeguDent GmbH, VCo-WR-
RBFDPs: IPS InLine POM; Ivoclar Vivadent AG) and
glazed in accordance with themanufacturers’ instructions.

The prepared abutment teeth were duplicated in
cobalt-chromium alloy (Remanium star) and provided
with standardized roots (length, 10 mm; cervical/apical
cross-sectional areas, 6×10 mm to 3×5 mm). To simulate
the resilience of the periodontium, the root sections were
coated with heat-shrink tubing (Protect; Bahag AG) and
sealed apically with 2-mm low-viscosity polyvinyl
siloxane impression material (Flexitime Correct Flow;
Heraeus Kulzer GmbH). The RBFDPs were fitted to the
metal abutments and provisionally fixed. The abutment
teeth were set in aluminum blocks with autopolymeriz-
ing resin (Technovit 4071; Heraeus Kulzer GmbH) by
using a paralleling device with a template resembling the
negative of the pontic surface attached to the restorations
to produce standardized test models.

Before definitive cementation, the metal abutments
and the metal wings of VCo-WR-RBFDPs were airborne-
particle abraded using 50-mm alumina particles at pres-
sures of 0.5 MPa for the metal abutments and 0.4 MPa
for the wing retainers. They were then ultrasonically
cleaned in 70% isopropanol for 3 minutes and dried with
oil-free air. The metal abutments were subsequently
heated to 47�C in an incubator (Heraeus Function Line;
THE JOURNAL OF PROSTHETIC DENTISTRY
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Figure 3. Test arrangement for artificial aging and quasi-static fracture
test.

Table 1. Test forces at failure (Fu [N])

Force

Test Group

MZr-IR-RBFDP VZr-IR-RBFDP MZr-WR-RBFDP VCo-WR-RBFDP

Mean (±SD) 1215 (±244)B 1380 (±420)B 2191 (±381)A 2084 (±229)A

Minimum 896 660 1758 1793

Maximum 1680 1971 3000 2558

Median 1225 1311 2103 2041

25th percentile 1048 1236 1981 1975

75th percentile 1300 1758 2302 2144

IR, inlay-retained; MZr, monolithic zirconia; RBFDP, resin-bonded fixed dental prosthesis;
VCo, veneered cobalt-chromium; VZr, veneered zirconia; WR, wing-retained. Identical
superscript letters indicate no statistically significant differences among test groups by
Tukey test (P>.05).
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Heraeus Kulzer GmbH) such that the temperature was
approximately 37�C during cementation. The zirconia
bonding surfaces were conditioned in accordance with a
validated procedure.33 This included coating with silica
(Rocatec system; 3M ESPE) and applying a universal
primer (Clearfil Ceramic Primer; Kuraray Noritake Dental
Inc) for 60 seconds. For VZr-IR-RBFDPs, the glass
ceramic part of the bonding surface of the inlay retainer
was airborne abraded 50-mm alumina particles at 0.1
MPa, ultrasonically cleaned in 70% isopropanol for 3
minutes, dried with oil-free air, and subsequently pro-
tected with a silicone template. The zirconia bonding
surface was then conditioned as described but with the
universal primer applied to both the zirconia and the
glass ceramic. The FDPs were cemented with autopoly-
merizing 10-methacryloyloxydecyl dihydrogen phos-
phate (MDP)-based resin cement (Panavia 21; Kuraray
Noritake Dental Inc) under a constant axial load of 200 N
(Z005; Zwick GmbH and Co KG). Excess cement was
removed, and the restoration margins were coated with
polymerization-activating gel (Oxyguard; Kuraray Nor-
itake Dental Inc). After 4 minutes, the load was removed,
and the test specimens were stored in the incubator at
37�C for another 6 minutes to enable complete poly-
merization of the cement.

After cementation, all test specimens were stored for
24 ±1 hour at 37�C and 100% relative humidity and then
subjected to 10 000 thermocycles in deionized water
(Thermocycler TC 1; SD Mechatronik, at bath tempera-
tures 6.5�C and 60�C). The RBFDPs, submerged in
deionized water, also underwent 1 200 000 cycles of
mechanical loading (chewing simulator CS4 with addi-
tional spring-damper system; SD Mechatronik; purely
vertical movement with mass m=9 kg, descending
speed v=30 mm/second; spring k=43 N/mm; damper
d=135 Ns/m; leading to a force of magnitude Fmax=108
N). Each specimen was embedded in a steel mold at a tilt
THE JOURNAL OF PROSTHETIC DENTISTRY
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of 30 degrees such that the loaded cusp was oriented
horizontally; the load was applied perpendicularly to the
flattened mesiopalatal plane of the pontic 2 mm below
the cusp by using a steel sphere 6 mm in diameter
(Fig. 3).

The load-bearing capacity of each FDP was tested in a
universal testing device (Z005; Zwick GmbH & Co KG)
with a cross-head speed of 0.5 mm/minute by applying
the load to the pontic in the same manner as that during
mastication simulation. Software (testXpert II; Zwick
GmbH & Co KG) was used to determine test force at
prosthesis failure (Fu=load-bearing capacity), defined as
the maximum test force recorded before the test force
dropped to below 30% of the maximum force. During the
test, RBFDPs were observed visually for structural
changes, and prosthesis structure-borne sound signals
were recorded with a contact microphone. After super-
imposition of the rectified sound signals (root-mean-
square value) and the force-time diagrams,34-36 initial
damage of the FDPs was noted when an interim drop in
test force coincided with a structure-borne sound �75%
of the maximum root-mean-square value recorded dur-
ing the test.35 Accordingly, F1d was defined as the test
force at which initial damage was noticed. If no initial
damage occurred before failure, F1d was set equal to Fu.
Finally, fracture patterns of failed RBFDPs were qualita-
tively analyzed by using an optical stereomicroscope
(Stemi SR; Carl Zeiss GmbH) at ×70 magnification.

Fu and F1d were recorded as mean ±SD, minima,
maxima, medians, and 25 and 75 percentiles. Statistical
analysis (IBM SPSS Statistics v22; IBM Corp; and SAS
v9.4; SAS Institute Inc) was performed by using 2-way
analysis of variance (ANOVA), repeated measures 2-
way ANOVA, and Tukey honest significant difference
(HSD) post hoc test (2-sided a=.05).

RESULTS

No decementation, cracks, or fractures of the RBFDPs
were observed before quasistatic failure loading. Test
forces at failure (Fu) for the RBFDPs are given in Table 1.
Two-way ANOVA revealed a significant effect of retainer
Bömicke et al
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Table 2. Effects of prosthesis and design material on test force at failure

Source df
Sum of
Squares

Mean
Square F P

Model 3 5 795 563 1 931 854 17.82 <.001

Error 28 3 035 500 108 411

Corrected total 31 8 831 063

Retainer design 1 3 810 542 3 810 542 35.15 <.001

Prosthesis material 2 155 433 77 716 0.72 .497

Retainer design×prosthesis
material

0 0

Data show 2-way ANOVA for effects of prosthesis material (monolithic zirconia, veneered
zirconia, or metal-ceramic) and retainer design (wing-retained or inlay-retained) on
test force at failure (Fu [N]) of resin-bonded fixed dental prostheses. Coefficient of
variation, 19.170; Fu mean, 1718; root-mean-square error, 329.258;
R-squared, 0.6563.
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design on failure load (P<.001) but not of prosthesis
material (P=.497) (Table 2). Mean Fu was greater than
2000 N for WR-RBFDPs and greater than 1000 N for IR-
RBFDPs; although it was significantly higher for the WR-
RBFDPs than for the IR-RBFDPs (P�.001), no significant
differences were found within the retainer subgroups
(P�.749).

The ceramic test specimens failed cohesively, with
complete fracture in the regions of one or both connec-
tors. By contrast, frameworks of VCo-WR-RBFDPs
remained intact, and failure was limited to the ceramic
veneer; for these a mixed cohesive-adhesive fracture
pattern was observed. Examples of typical fractures are
shown in Figure 4.

Test forces at initial damage (F1d) for the RBFDPs are
given in Table 3. Two-way ANOVA revealed a significant
effect for both prosthesis material (P<.001) and retainer
design (P<.001) on F1d (Table 4). Mean F1d was greater
than 2000 N for MZr-WR-RBFDPs and greater than 1000
N for MZr-IR-RBFDPs; it was, however, less than 1000 N
for both VZr-IR-RBFDPs and VCo-WR-RBFDPs, with
initial damage observed at test forces less than 500 N for
the weakest test specimens. The differences between
monolithic and veneered subgroups were significant
(P�.021), and F1d was significantly higher for MZr-WR-
RBFDPs than for MZr-IR-RBFDPs (P<.001); differences
between the test specimens of the veneered subgroups
were not significant (P=.828).

Repeated measures ANOVA revealed significant
effects on the test force according to the type of damage,
prosthesis material, retainer design, and the interaction
of type of damage and prosthesis material (all P<.001)
(Table 5); initial damage occurred at test forces signifi-
cantly lower than those causing prosthesis failure for
veneered test specimens (P=.004 for VZr-IR-RBFDPs and
P<.001 for VCo-WR-RBFDPs) but not for monolithic test
specimens (P�.980).

In agreement with this, structural defects before
prosthesis failure were observed for veneered test spec-
imens only; for VZr-IR-RBFDPs and VCo-WR-RBFDPs
radial cohesive veneer fracture started in the region of
Bömicke et al
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the gingival-palatal aspect of the pontic, in the immedi-
ate vicinity of the distal connector and propagated over
the buccal surface of the pontic.

DISCUSSION

Fracture testing of new FDP designs can contribute to de-
cisions about their clinical applicability, thus minimizing
risks for participants in subsequent clinical trials. In this
study the load-bearing capacity of monolithic and ven-
eered zirconia inlay-retained, monolithic zirconia wing-
retained, and metal-ceramic wing-retained RBFDPs was
evaluated. Because ANOVA revealed significant differ-
ences among the test groups, the null hypothesis was
rejected. Mean failure loads were greater than 1000 N for
IR-RBFDPs and greater than 2000 N for WR-RBFDPs,
which substantially exceeded the maximum occlusal forces
expected in the molar region (approximately 500 N),15-17

rendering complete fracture an unlikely cause of clinical
failure.

In this study, RBFDPs were fabricated with connector
dimensions of at least 9 mm2 for the framework of ven-
eered restorations and 12mm2 formonolithic restorations.
For 3-unit posterior zirconia-based FDPs, a minimum
connector diameter of 2.7 mm has been calculated to
produce frameworkswith a lifetime longer than 20 years.20

For veneered zirconia, inlay-retained FDPs, reduction of
the connector dimensions (width×height) from 3×3mm to
3×2 mm resulted in a significant reduction of the load-
bearing capacity.13

For zirconia-based inlay-retained FDPs replacing a
molar with minimum zirconia connector dimensions of 9
mm2, mean failure loads (for complete fracture) of 1248
to 3180 N have been reported.10,11,13 The failure load
found in this study for inlay-retained RBFDPs was,
therefore, at the low end of this range. Comparability
with these studies is limited, however, because of dif-
ferences in the test design, particularly with regard to
loading conditions. In this study, test specimens were
loaded obliquely and eccentrically to replicate the most
critical and therefore relevant clinical load, generating
both biaxial bending and torque. This is supported by the
findings of Mehl et al,12 who observed a reduction in the
fracture resistance of inlay-retained FDPs from 1749 N to
800 N when restorations were tested eccentrically to the
mesiodistal axis instead of centrically. Results from 3D
finite element simulations indicating that prosthesis and
abutment stresses increased by a factor of at least 1.2 to 2
when RBFDPs were loaded laterally instead of axially23

also support oblique loading.
Among the ceramic specimens, the higher failure loads

for MZr-WR-RBFDPs might have resulted from the
different connector design21 and more favorable stress dis-
tribution in the connector area.5 Failure loads for MZr-WR-
RBFDPs were, moreover, comparable with those for the
THE JOURNAL OF PROSTHETIC DENTISTRY
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Figure 4. Examples of fractures representative of study groups: A, Monolithic zirconia inlay-retained RBFDP. B, Veneered zirconia inlay-retained RBFDP.
C, Monolithic zirconia wing-retained RBFDP. D, Veneered cobalt-chromium wing-retained RBFDP. RBFDP, resin-bonded fixed dental prosthesis.

Table 3. Test forces at initial damage (F1d[N])

Force

Test Group

MZr-IR-RBFDP VZr-IR-RBFDP MZr-WR-RBFDP VCo-WR-RBFDP

Mean (±SD) 1212 (±244)B 740 (±242)C 2042 (±460)A 610 (±203)C

Minimum 896 331 1389 391

Maximum 1680 985 3000 1046

Median 1213 819 2014 586

25th percentile 1048 543 1822 477

75th percentile 1300 939 2137 657

IR, inlay-retained; MZr, monolithic zirconia; RBFDP, resin-bonded fixed dental prosthesis;
VCo, veneered cobalt-chromium; VZr, veneered zirconia; WR, wing-retained. Identical
superscript letters indicate no statistically significant difference among test groups by
Tukey test (P>.05).

Table 4. Effects of prosthesis material and design on test force at
initial damage

Source df
Sum of
squares

Mean
Square F P

Model 3 10 076 208 3 358 736 36.23 <.001

Error 28 2 595 593 92 700

Corrected total 31 12 671 801

Retainer design 1 2 752 737 2 752 737 29.70 <.001

Prosthesis material 2 9 097 957 4 548 979 49.07 <.001

Retainer design×prosthesis
material

0 0

df=degrees of freedom. Data show 2-way ANOVA for effects of prosthesis material
(monolithic zirconia, veneered zirconia, or metal-ceramic) and retainer design
(wing-retained or inlay-retained) on test force at initial damage (F1d [N]) of resin-bonded
fixed dental prostheses. Coefficient of variation, 26.453; F1d mean, 1151;
root-mean-square error, 304.466; R-squared=0.7952.

94 Volume 119 Issue 1
metal-ceramic control, which, with aminimum retainer wall
thickness of 0.5mm, has already been clinically successful.31

Metal abutments were used to standardize the test
specimens for the anatomic variability of natural teeth.10-14

Under oblique loading conditions, extracted human or
resin abutment teeth would usually fail before the res-
torations.36 However, the greater stiffness of metal
abutments might lead to overestimation of the perfor-
mance of ceramic FDPs.28 In regions with stress con-
centration (for example at sharp edges), greater stiffness
of the substructure may result in more critical stress.
THE JOURNAL OF PROSTHETIC DENTISTRY
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Finite element analysis of this experimental design may
clarify these aspects.

Abutments in the test models were resiliently
attached to avoid overestimation of restoration perfor-
mance.29 As shown by 3D finite element analysis,
maximum tensile stresses occur in the connector region
and increase with increasing degrees of freedom of the
abutment teeth.7 Accordingly, ceramic FDPs in this test
failed in the connector region, which is in agreement with
Bömicke et al
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Table 5. Effect of type of damage, prosthesis material, and retainer
design on test force (N)

Source df
Sum of
Squares

Mean
Square F P

Model 7 21 008 555 3 001 222 29.85 <.001

Error 56 5 631 093 100 555

Corrected total 63 26 639 648

Damage 1 6 797 885 6 797 885 67.60 <.001

Prosthesis material 2 4 930 747 2 465 374 24.52 <.001

Prosthesis material×damage 2 4 322 642 2 161 321 21.49 <.001

Retainer design 1 6 520 377 6 520 377 64.84 <.001

Retainer design×damage 1 42 902 42 902 0.43 .516

Retainer design×prosthesis
material

0 0

Retainer design×prosthesis
material×damage

0 0

Data show repeated measures ANOVA for effect of damage (initial damage or prosthesis
failure), prosthesis material (monolithic zirconia, veneered zirconia, or metal-ceramic),
and retainer design (wing-retained or inlay-retained) on test force (N). Coefficient of
variation, 22.109; mean test force, 1434; root-mean-square error, 317.10;
R-squared, 0.7886.
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failure patterns in other in vitro and clinical studies.7,12-14

Thompson et al6 concluded, however, that such a failure
pattern could be recorded only if the retainer did not
debond before fracture initiation.

In vitro artificial aging by combined thermal and
mechanical cycling has been found to substantially
reduce the load to failure of feldspathic, lithium disilicate,
and zirconia ceramics.22 For veneered zirconia FDPs, a
combination of 1.2×106 cycles of mechanical loading with
F=50 N and 6000 thermocycles simulating the clinical
service of approximately 5 years has been proposed.30

Thus, with F=108 N, clinical service exceeding 5 years
might have been simulated.

Recording initial damage has been shown to provide a
reliable correlation between early structural changes
within the specimen and the corresponding test force.34-36

In this study, initial damage at test forces significantly
lower than failure loads was noted for veneered speci-
mens only; cracks in the veneer were observed before
final fracture and at test forces below the clinically rele-
vant threshold of 500 N for individual specimens. Simi-
larly, during testing of the fracture resistance of veneered
zirconia and metal-ceramic IR-FDPs, several authors
have identified the veneer as the weakest part of the
restorations.10,11,14

CONCLUSIONS

Within the limitations of this in vitro study, the following
conclusions were drawn:

1. The load-bearing capacity of all prosthesis designs
tested enabled their use for the definitive restoration
of a single molar.

2. Veneered designs, however, may be more suscep-
tible to such technical complications as cracking of
Bömicke et al
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the veneer; this occurred in the test at loads similar
in magnitude to those determined clinically in the
molar region.
REFERENCES

1. Behr M, Leibrock A, Stich W, Rammelsberg P, Rosentritt M, Handel G.
Adhesive-fixed partial dentures in anterior and posterior areas. Results of an
on-going prospective study begun in 1985. Clin Oral Investig 1998;2:31-5.

2. Aggstaller H, Beuer F, Edelhoff D, Rammelsberg P, Gernet W. Long-term
clinical performance of resin-bonded fixed partial dentures with retentive
preparation geometry in anterior and posterior areas. J Adhes Dent 2008;10:
301-6.

3. Isidor F, Stokholm R. Resin-bonded prostheses for posterior teeth. J Prosthet
Dent 1992;68:239-43.

4. Thompson MC, Thompson KM, Swain M. The all-ceramic, inlay supported
fixed partial denture. Part 1. Ceramic inlay preparation design: a literature
review. Aust Dent J 2010;55:120-7.

5. Thompson MC, Field CJ, Swain MV. The all-ceramic, inlay supported fixed
partial denture. Part 2. Fixed partial denture design: a finite element analysis.
Aust Dent J 2011;56:302-11.

6. Thompson MC, Field CJ, Swain MV. The all-ceramic, inlay supported fixed
partial denture. Part 3. Experimental approach for validating the finite
element analysis. Aust Dent J 2012;57:23-30.

7. Möllers K, Parkot D, Kirsten A, Güth JF, Edelhoff D, Fischer H. Influence of
tooth mobility on critical stresses in all-ceramic inlay-retained fixed dental
prostheses: a finite element study. Dent Mater 2012;28:146-51.

8. van Heumen CC, Kreulen CM, Creugers NH. Clinical studies of fiber-
reinforced resin-bonded fixed partial dentures: a systematic review. Eur J Oral
Sci 2009;117:1-6.

9. Harder S, Wolfart S, Eschbach S, Kern M. Eight-year outcome of posterior
inlay-retained all-ceramic fixed dental prostheses. J Dent 2010;38:875-81.

10. Kilicarslan MA, Kedici PS, Kucukesmen HC, Uludag BC. In vitro fracture
resistance of posterior metal-ceramic and all-ceramic inlay-retained resin-
bonded fixed partial dentures. J Prosthet Dent 2004;92:365-70.

11. Wolfart S, Ludwig K, Uphaus A, Kern M. Fracture strength of all-ceramic
posterior inlay-retained fixed partial dentures. Dent Mater 2007;23:1513-20.

12. Mehl C, Ludwig K, Steiner M, Kern M. Fracture strength of prefabricated all-
ceramic posterior inlay-retained fixed dental prostheses. Dent Mater 2010;26:
67-75.

13. Puschmann D, Wolfart S, Ludwig K, Kern M. Load-bearing capacity of
all-ceramic posterior inlay-retained fixed dental prostheses. Eur J Oral Sci
2009;117:312-8.

14. Mohsen CA. Fracture resistance of three ceramic inlay-retained fixed partial
denture designs. An in vitro comparative study. J Prosthodont 2010;19:531-5.

15. Ferrario VF, Sforza C, Serrao G, Dellavia C, Tartaglia GM. Single tooth bite
forces in healthy young adults. J Oral Rehabil 2004;31:18-22.

16. Fontijn-Tekamp FA, Slagter AP, Van Der Bilt A, Van THMA, Witter DJ,
Kalk W, et al. Biting and chewing in overdentures, full dentures, and natural
dentitions. J Dent Res 2000;79:1519-24.

17. Regalo SC, Santos CM, Vitti M, Regalo CA, de Vasconcelos PB,
Mestriner W Jr, et al. Evaluation of molar and incisor bite force in indigenous
compared with white population in Brazil. Arch Oral Biol 2008;53:282-6.

18. Ohlmann B, Rammelsberg P, Schmitter M, Schwarz S, Gabbert O. All-
ceramic inlay-retained fixed partial dentures: preliminary results from a
clinical study. J Dent 2008;36:692-6.

19. Ambre MJ, Aschan F, Vult von Steyern P. Fracture strength of yttria-
stabilized zirconium-dioxide (Y-TZP) fixed dental prostheses (FDPs) with
different abutment core thicknesses and connector dimensions.
J Prosthodont 2013;22:377-82.

20. Studart AR, Filser F, Kocher P, Gauckler LJ. Fatigue of zirconia under cyclic
loading in water and its implications for the design of dental bridges. Dent
Mater 2007;23:106-14.

21. Bahat Z, Mahmood DJ, Vult von Steyern P. Fracture strength of three-unit
fixed partial denture cores (Y-TZP) with different connector dimension and
design. Swed Dent J 2009;33:149-59.

22. Yang R, Arola D, Han Z, Zhang X. A comparison of the fracture resistance of
three machinable ceramics after thermal and mechanical fatigue. J Prosthet
Dent 2014;112:878-85.

23. Lin CL, Hsu KW, Wu CH. Multi-factorial retainer design analysis of posterior
resin-bonded fixed partial dentures: a finite element study. J Dent 2005;33:
711-20.

24. Chaar MS, Kern M. Five-year clinical outcome of posterior zirconia ceramic
inlay-retained FDPs with a modified design. J Dent 2015;43:1411-5.

25. Rueda AO, Anglada M, Jimenez-Pique E. Contact fatigue of veneer feld-
spathic porcelain on dental zirconia. Dent Mater 2015;31:217-24.

26. Zhang Y, Sailer I, Lawn BR. Fatigue of dental ceramics. J Dent 2013;41:
1135-47.
THE JOURNAL OF PROSTHETIC DENTISTRY

ospital JC from ClinicalKey.com by Elsevier on January 09, 2018.
pyright ©2018. Elsevier Inc. All rights reserved.

http://refhub.elsevier.com/S0022-3913(17)30207-X/sref1
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref1
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref1
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref2
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref2
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref2
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref2
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref3
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref3
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref4
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref4
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref4
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref5
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref5
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref5
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref6
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref6
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref6
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref7
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref7
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref7
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref8
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref8
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref8
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref9
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref9
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref10
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref10
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref10
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref11
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref11
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref12
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref12
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref12
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref13
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref13
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref13
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref14
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref14
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref15
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref15
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref16
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref16
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref16
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref17
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref17
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref17
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref18
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref18
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref18
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref19
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref19
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref19
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref19
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref20
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref20
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref20
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref21
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref21
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref21
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref22
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref22
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref22
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref23
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref23
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref23
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref24
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref24
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref25
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref25
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref26
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref26


96 Volume 119 Issue 1
27. Bömicke W, Karl J, Rammelsberg P. Minimally invasive prosthetic restoration
of posterior tooth loss with resin-bonded, wing-retained, and inlay-retained
fixed dental prostheses fabricated from monolithic zirconia: a clinical report of
two patients. J Prosthet Dent 2017;117:459-62.

28. Mahmood DJ, Linderoth EH, Vult Von Steyern P. The influence of
support properties and complexity on fracture strength and fracture mode of
all-ceramic fixed dental prostheses. Acta Odontol Scand 2011;69:
229-37.

29. Rosentritt M, Behr M, Scharnagl P, Handel G, Kolbeck C. Influence
of resilient support of abutment teeth on fracture resistance of
all-ceramic fixed partial dentures: an in vitro study. Int J Prosthodont 2011;24:
465-8.

30. Rosentritt M, Behr M, van der Zel JM, Feilzer AJ. Approach for valuating the
influence of laboratory simulation. Dent Mater 2009;25:348-52.

31. Boemicke W, Kappel S, Stober T, Rammelsberg P. Clinical comparison of
metal-ceramic resin-bonded fixed dental prostheses with a conventional and
a mixed retainer design. J Prosthet Dent 2014;112:472-80.

32. Bömicke W, Rues S, Hlavacek V, Rammelsberg P, Schmitter M. Fracture
behavior of minimally invasive, posterior, and fixed dental prostheses man-
ufactured from monolithic zirconia. J Esthet Restor Dent 2016;28:
367-81.

33. Bömicke W, Schürz A, Krisam J, Rammelsberg P, Rues S. Durability of resin-
zirconia bonds produced using methods available in dental practice. J Adhes
Dent 2016;18:17-27.
Access to The Journal of Prosthetic Dentistry

This is your subscription 
account number

Full-text access to The Journal of Prosthetic Dentistry Online 
individual online subscription, please visit The Journal of Pro
http://www.journals.elsevierhealth.com/periodicals/ympr/ho
and follow the instructions. To activate your account, you wil
find on your mailing label (note: the number of digits in your
example below in which the subscriber account number has 

Personal subscriptions to The Journal of Prosthetic Dentistry 
ferred. Use of The Journal of Prosthetic Dentistry Online is su
indicated online.

THE JOURNAL OF PROSTHETIC DENTISTRY

Downloaded for scmh lib (scmhlib1@gmail.com) at Show Chwan Memoria
For personal use only. No other uses without permission.
34. Rues S, Kröger E, Müller D, Schmitter M. Effect of firing protocols on
cohesive failure of all-ceramic crowns. J Dent 2010;38:987-94.

35. Schmitter M, Mueller D, Rues S. Chipping behaviour of all-ceramic crowns
with zirconia framework and CAD/CAM manufactured veneer. J Dent
2012;40:154-62.

36. Walczak K, Rues S, Wieckiewicz M, Range U, Schmitter M. Is mechanical
retention for adhesive core build-up needed to restore a vital tooth with a
monolithic zirconium crown? An in vitro study. Acta Bioeng Biomech
2016;18:117-25.

Corresponding author:
Dr Wolfgang Bömicke
Department of Prosthodontics
University Clinic Heidelberg
Im Neuenheimer Feld 400
69120 Heidelberg
GERMANY
Email: Wolfgang.Boemicke@med.uni-heidelberg.de

Acknowledgments
The authors thank Dr Ian Davies for proofreading the manuscript.

Copyright © 2017 by the Editorial Council for The Journal of Prosthetic Dentistry.
 Online is reserved for print subscribers!

Sample mailing label

is available for all print subscribers. To activate your 
sthetic Dentistry Online. Point your browser to 
me, follow the prompts to activate online access here, 
l need your subscriber account number, which you can 
 subscriber account number varies from 6 to 10). See the 
been circled.

Online are for individual use only and may not be trans-
bject to agreement to the terms and conditions as 

Bömicke et al

l Hospital JC from ClinicalKey.com by Elsevier on January 09, 2018.
 Copyright ©2018. Elsevier Inc. All rights reserved.

http://refhub.elsevier.com/S0022-3913(17)30207-X/sref27
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref27
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref27
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref27
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref28
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref28
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref28
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref28
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref29
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref29
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref29
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref29
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref30
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref30
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref31
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref31
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref31
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref32
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref32
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref32
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref32
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref33
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref33
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref33
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref34
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref34
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref35
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref35
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref35
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref36
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref36
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref36
http://refhub.elsevier.com/S0022-3913(17)30207-X/sref36
mailto:Wolfgang.Boemicke@med.uni-heidelberg.de

	In vitro comparison of the load-bearing capacity of ceramic and metal-ceramic resin-bonded fixed dental prostheses in the p ...
	Material and Methods
	Results
	Discussion
	Conclusions
	References


