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PURPOSE. The goal of this study was to evaluate the fracture resistances of various monolithic crowns fabricated 
by computer-aided design and computer-aided manufacturing (CAD/CAM) with different thickness. MATERIALS 
AND METHODS. Test dies were fabricated as mandibular molar forms with occlusal reductions using CAD/CAM. 
With different occlusal thickness (1.0 or 1.5 mm), a polymer-infiltrated ceramic network (Enamic, EN), and 
zirconia-reinforced lithium silicate (Suprinity, SU and Celtra-Duo, CD) were used to fabricate molar crowns. 
Lithium disilicate (e.max CAD, EM) crowns (occlusal: 1.5 mm) were fabricated as control. Seventy crowns (n=10 
per group) were bonded to abutments and stored in water for 24 hours. A universal testing machine was used to 
apply load to crown until fracture. The fractured specimens were examined with a scanning electron microscopy. 
RESULTS. The type of ceramics and the occlusal thickness showed a significant interaction. With a recommended 
thickness (1.5 mm), the SU revealed the mean load similar to the EM, higher compared with those of the EN and 
CD. The fracture loads in a reduced thickness (1.0 mm) were similar among the SU, CD, and EN. The mean 
fracture load of the SU and CD enhanced significantly when the occlusal thickness increased, whereas that of 
the EN did not. CONCLUSION. The fracture loads of monolithic crowns were differently influenced by the 
changes in occlusal thickness, depending on the type of ceramics. Within the limitations of this study, all the 
tested crowns withstood the physiological masticatory loads both at the recommended and reduced occlusal 
thickness. [ J Adv Prosthodont 2017;9:423-31]
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INTRODUCTION

Since ceramics were first used in clinical dentistry as restor-
ative materials, their range of  applicability has expanded 
from anterior to posterior teeth due to the excellent aesthet-

ics, biocompatibility, and enhanced physical properties.1 
Many types of  ceramics have been gradually used in posteri-
or fixed restorations and their survival rates are comparable 
to those of  conventional restorative materials of  single res-
torations in short-term observation studies.2-4 Posterior res-
torations with high-strength ceramics, such as lithium disili-
cate or yttria-stabilized zirconia, is clinically applicable.3,5 A 
five-year follow-up study reported that zirconia-based three-
unit posterior fixed dental prostheses functioned well inside 
the oral cavity.6 A systematic review of  the clinical out-
comes of  lithium disilicate-based fixed restorations also 
reported high short-term survival rates for single crowns.7

Even with remarkable advances in the properties of  
dental ceramics, clinical failures and limitations of  all-
ceramic restorations still have been reported in many stud-
ies.3,8,9 One of  the most common complications is the chip-
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ping and delamination of  the veneering porcelain.2 This 
occurs more often in posterior teeth than in anterior teeth 
and in molars than in premolars.1 Subsequently, experimen-
tal studies on monolithic ceramics without veneers were 
conducted in order to prevent chipping and fractures.10 To 
improve aesthetics and mechanical properties of  monolithic 
ceramics, recent studies are mainly focused on the light 
transmittance, tooth color reproduction, and manufacturing 
conditions.11 Monolithic all-ceramic crowns are fabricated 
by computer-aided design and computer-aided manufactur-
ing (CAD/CAM), which are suitable for aesthetic posterior 
restorations with low mechanical complication, high pro-
ductivity, and the absence of  veneer chipping.12,13 Both lithi-
um disilicate and zirconia-based posterior restorations 
exhibit favorable clinical outcomes.14

Various block-shaped ceramics are used in CAD/CAM 
fabrication of  aesthetic restorations.15 Because these materi-
als have different compositions and microstructures, the 
fracture resistance, wear, adhesiveness, durability, damage 
tolerance, optical properties, and machinability must be con-
sidered before restorative treatments.15 Recently, a polymer-
infiltrated ceramic network (PICN), in which polymers are 
infiltrated into a porous ceramic network, has been devel-
oped in order to mimic the physical properties of  natural 
tooth and to overcome the brittleness of  ceramics causing 
wear on antagonistic tooth.16 The PICN comprises inter-
penetrating phases of  feldspathic ceramic and methacrylate 
polymers; it exhibits an elastic modulus similar to that of  
human dentin and has higher flexural strength compared to 
feldspathic ceramics.16,17 It shows good hardness and dam-
age tolerance because the two interconnected phases limit 
the progression of  cracking.16 It also has outstanding 
machinability because of  its low brittleness, flexibility, and 
high fracture resistance.17 When an external force is exerted 
on the surface of  the PICN, its plastic deformation and 
creep may absorb the energy.17-21 A zirconia-containing lithi-
um silicate (ZLS) was also recently developed as a material 
amenable to CAD/CAM fabrication.11 Upon crystallization, 
which occurs with the addition of  10 wt% of  zirconium 
oxide as a nucleating agent to a lithium-disilicate-based mul-
ticomponent glass ceramic, the material acquires a fine and 
uniform microstructure with an average grain size of  0.5 - 
0.7	 μm.	According	 to	 the	manufacturer,	 the	ZLS	 can	 be	
used for fabricating various fixed dental prostheses for ante-
rior and posterior teeth, since it has optical and physical 
properties comparable to those of  lithium disilicate.

To withstand masticatory forces, many studies have 
reported that the fracture resistance of  ceramics used in pos-
terior restorations determines treatment success.22-24 Each 
manufacturer provides guidelines on the tooth reduction and 
thickness of  the materials used for posterior crowns. For the 
lithium disilicate ceramics, a deep chamfer margin of  1 mm, 
as well as a minimum reduction of  1.5 mm on the occlusal 
surfaces is recommended for the posterior restoration. 
However, when the interocclusal space is limited or the 
tooth structure remains little due to extensive caries, it is 
often difficult to reduce the occlusal or axial surfaces of  the 

abutment as the recommendation of  the manufacturer. If  
the materials show sufficient fracture strength even in 
reduced thickness, they could be applicable in various clini-
cal situations.

The purpose of  the present study was to analyze the 
fracture resistances of  molar-form monolithic ceramic 
crowns according to their thicknesses using CAD/CAM 
technology. The null hypothesis of  the present study was the 
following: the fracture loads of  the CAD/CAM-fabricated 
monolithic crowns are the same regardless of  the type of  
ceramics and the amount of  occlusal thickness.

MATERIALS AND METHODS

A half  arch of  the mandibular arch dentiform (D51DP-
500A; Nissin Dental Products, Kyoto, Japan), excluding the 
first molar, was scanned using an intraoral digital scanner 
(TRIOS Pod Color; 3Shape, Copenhagen, Denmark), and a 
CAD design of  the first molar was generated with reduc-
tions in the occlusal and axial surfaces (3Shape Model 
Builder; 3Shape). The circular reduction at the cervical mar-
gin was set to produce a 1-mm-wide chamfer finish line, the 
convergence angle was set to 6°, and the occlusal anatomical 
reduction of  1.5 mm was conducted in a multi-planar man-
ner (Fig. 1). The ideal anatomical tooth form in the CAD 
software library (Smile Composer; 3Shape) was used as the 
reference and the occlusal thicknesses of  the molar-shaped 
definitive crowns were first set to 1.5 mm (recommended 
condition) and then changed to 1.0 mm (reduced condition) 
(Fig. 1). The cross-sectional thicknesses of  specific five 
areas (mesiobuccal cusp, distobuccal cusp, mesio-occlusal 
fossa, distal fossa, and central fossa) were measured using 
the CAD software to confirm the reduction of  the occlusal 
surface and the thicknesses of  the restoration. Each of  the 
cement	layer	thickness	was	set	to	50	μm.	The	lower	part	of 	
the test abutment die was designed in a pillar shape by using 
a commercial CAD program (PowerSHAPE; Delcam, 
Birmingham, UK) to simplify further laboratory testing. 

The manufacturers’ information of  the monolithic 
ceramics used in this study was shown in Table 1. The 
design data of  the CAD-based molar crowns were used to 
establish seven experimental groups with two different 

Fig. 1.  Computer-aided-design (CAD) models of test 
supporting die (A) and definitive molar crowns with 
occlusal thicknesses of 1.0 mm (B).

A B
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occlusal thicknesses: 1.5 mm (recommended condition) and 
1.0 mm (reduced condition). Three different CAD/CAM 
ceramic blocks, including the PICN (Enamic [EN]; VITA 
Zahnfabrik, Bad Säckingen, Germany) and two types of  zir-
conia-reinforced lithium silicate (Suprinity [SU]; VITA 
Zahnfabrik, Celtra Duo [CD]; Dentsply DeTrey, Konstanz, 
Germany) were fabricated into molar-shaped crowns by 
using a five-axis milling machine (Trione G; Dio, Busan, 
Korea). As a control group, the lithium disilicate (e.max 
CAD [EM]; Ivoclar Vivadent, Schaan, Liechtenstein) molar 
crowns (occlusal thickness: 1.5 mm only) were also made 
with the same milling machine. Subsequently, a total of  70 
monolithic ceramic crowns (n = 10 per group) were pre-
pared. Crystallization for the SU crown and glazing process 
required for each ceramic material after the milling were 
performed in a furnace (Programat P310; Ivoclar Vivadent) 
according to the corresponding manufacturer’s protocols. 

Based on the CAD model of  the test abutment, 70 stan-
dardized dies were fabricated with a resin-based 3D print-
able material (VeroDent MED670; Stratasys, Eden Prairie, 
MN, USA), using PolyJet technology (Objet Eden500V; 
Stratasys) in a high-quality build mode with a resolution of  
0.0006 inch thick. The build resolution of  the 3D printer 
was as follows: X-axis: 600 dpi; Y-axis: 600 dpi; Z-axis: 1600 
dpi. The resin-based printable material used for the die fab-
rication showed approximately 2000 - 3000 MPa in modulus 
of  elasticity based on the manufacturer’s information. 

Prior to the cementation, the inner surface of  each 
ceramic crown was treated according to the manufacturers’ 
recommendations. For SU and CD groups, the inner surfac-
es of  the crowns were washed with ethanol, treated with 5% 
hydrofluoric acid gel (Ceramic etching gel; Ivoclar Vivadent) 
for 20 seconds, and then washed with water. After removing 
the residual acid with water, they were air-dried and coated 
with silane (Monobond N; Ivoclar Vivadent). For EN 
group, the inner surfaces were washed with ethanol, treated 
with 5% hydrofluoric acid gel (Ceramic etching gel; Ivoclar 
Vivadent) for 60 seconds, and then washed with water for 
60 seconds. Afterwards, they were air-dried for 20 seconds 
and coated with silane (Monobond N; Ivoclar Vivadent). 
For EM group, the inner surfaces were treated with 5% 

hydrofluoric acid gel (Ceramic etching gel; Ivoclar Vivadent) 
for 20 seconds, washed with water and air-dried, and coated 
with silane (Monobond N; Ivoclar Vivadent). A bonding 
surface of  test supporting die was etched with 40% phos-
phoric acid for 20 seconds, rinsed with water, andair-dried. 
An adhesive (Scotchbond Universal Adhesive; 3M ESPE, 
MN, USA) was applied on the bonding surface of  each sup-
porting die and cured. Subsequently, a self-adhesive resin 
cement (RelyX U200; 3M ESPE) was used to bond the 
crowns to the supporting dies according to the manufactur-
er’s protocol. Before the mechanical testing, the bonded 
die/crown specimens were stored in distilled water at 37°C 
for 24 hours. 

A cylinder-shaped test jig was designed using a commer-
cial CAD software (PowerSHAPE; Delcam) to mount the 
bonded supporting die/crown specimens for the mechani-
cal testing. Based on the CAD data, a customized jig was 
fabricated with a PLA (polylactic acid) filament (Plaghetti 
3D filament, make3D, China) and a custom 3D printer 
using fused deposition manufacturing technology. Based on 
the manufacturer’s information, the flexural strength and 
modulus of  elasticity of  the FDM filament were 70 MPa 
and 3212 MPa, respectively. The supporting die/crown 
specimen was then fixed using a test jig to the universal test-
ing machine (Instron 4467; Instron, Norwood, MA, USA) 
with a load cell (force sensor) of  10,000 N to measure the 
fracture load values. The 10-mm-diameter stainless-steel 
spherical indenter was in contact with the central fossa of  
the crown’s occlusal surface, and a 2-mm-thick urethane 
rubber sheet was interposed between the indenter and the 
specimen. Compressive loads were applied to the occlusal 
surface in a vertical direction with a crosshead speed of  1.0 
mm/minute until fracture, at which time the load value (N) 
at the failure was recorded as fracture resistance to compare 
with the physiologic masticatory forces in the clinical situa-
tion. 

After the testing, the fractured surface of  each specimen 
was observed under a stereomicroscope at a magnification 
of  ×40, and two representative specimens from each group 
were selected for the fractographic analysis. The fracto-
graphic analysis was conducted to examine the fracture 

Table 1.  Manufacturers’ information of various CAD/CAM ceramic blocks tested in this study

Material Product name (Group code) Manufacturer Lot. No. Composition

Polymer-infiltrated-ceramic-network 
(PICN)

Enamic (EN) VITA Zahnfabrik 46550
SiO2, Al2O3, Na2O, K2O, B2O3, 
ZrO2, KaO, UDMA, TEGMA

Zirconia-reinforced Lithium Silicate 
(ZLS)

Suprinity (SU) VITA Zahnfabrik 51280
SiO2, Li2O, K2O, P2O5, Al2O3, 

ZrO2, CeO2, Pigments

Zirconia-reinforced Lithium Silicate 
(ZLS)

Celtra Duo (CD) Dentsply DeTrey 18020974
SiO2, Li2O, K2O, P2O5, Al2O33, 

ZrO2, CeO2, Pigments

Lithium Disilicate IPS e.max CAD (EM) Ivoclar Vivdent S37918
SiO2, Li2O, K2O, ZnO, P2O5, 

ZrO2, Other and coloring oxides

Load-bearing capacity of various CAD/CAM monolithic molar crowns under recommended occlusal thickness and reduced occlusal thickness conditions
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characteristics of  the various ceramic crowns and to identify 
the crack propagation direction, under a scanning electron 
microscope (S2300; Hitachi High-Technologies Corporation, 
Tokyo, Japan) with magnification of  ×18. 

The means and standard deviations of  the fracture load 
values of  all specimens were calculated. For the data of  all 
the groups, Levene’s test was used to verify the homogenei-
ty of  variances. A two-way analysis of  variance (ANOVA) 
was performed to determine the effects of  two factors, the 
type of  ceramics and the occlusal thickness on the fracture 
resistance of  monolithic crowns, and their interactions. In 
case of  significant statistical interaction, a test of  simple 
effects was conducted using a pairwise comparison correct-
ed with the Bonferroni’s method. In addition, to identify the 
differences in the fracture loads among the different crowns 
with the recommended thickness (1.5 mm), including the 
control group, a one-way ANOVA was performed. For 
post-hoc analysis, Tukey’s honest significant difference 
(HSD) test was used. To identify the differences in the frac-
ture resistance of  crowns of  identical ceramics in relation to 
occlusal thickness, the independent t-tests were also con-
ducted. All of  the statistical analyses were performed using 
R software (R Foundation for Statistical Computing; 
Vienna, Austria). The level of  statistical significance was set 
at 0.05.

RESULTS

The means and standard deviations of  measured fracture 
loads of  the seven experimental groups and the control 
group are as follows: 1) for the ceramic groups with reduced 
occlusal thickness conditions (1.0 mm): 1,494.9 ± 125.9 N 
(EN), 1,446.5 ± 210.2 N (SU), and 1,467.1 ± 166.1 N (CD); 
2) for the ceramic groups with recommended occlusal thick-
ness conditions (1.5 mm): 1,567.0 ± 235.1 N (EN), 2,203.5 
± 371.1 N (SU), 1,795.8 ± 267.6 N (CD); 3) for the control 
group (EM) with an occlusal thickness of  1.5 mm: 2,437.6 
± 144.4 N (Fig. 2 and Fig. 3). 

Levene’s test showed that the data in all of  the groups 
satisfied the requirement of  homogeneity of  variances (P > 
.05). A two-way ANOVA on the type of  ceramics and the 
amount of  occlusal thickness showed a significant interac-
tion between the two factors (P < .001). Based on the pair-
wise comparison for the test of  simple effects, the fracture 
resistances of  monolithic ceramic crowns with reduced 
occlusal thicknesses (1.0 mm) did not differ significantly, 
whereas those with recommended thicknesses (1.5 mm) dif-
fered significantly (Table 2). For the groups with the same 
thickness (1.5 mm, Fig. 2), the post-hoc Tukey HSD test 
showed that the fracture load values were significantly lower 
in the EN and CD groups than in the SU and EM (control) 

Fig. 2.  Mean and standard deviations of fracture loads of 
ceramic groups with the same occlusal thickness (1.5 
mm). Significant differences (P < .05) between the groups 
were evaluated with Tukey HSD test and marked with 
asterisks (*). EN - Enamic, polymer-infiltrated-ceramic 
network, SU - Suprinity, zirconia-reinforced lithium 
silicate, CD - Celtra Duo, zirconia-reinforced lithium 
silicate, EM - e.max CAD, lithium disilicate. 

Fig. 3.  Means and standard deviations of fracture loads 
of ceramic groups with different occlusal thickness 
conditions (1.0 mm and 1.5 mm). Significant differences 
(P < .05) between the groups were evaluated with 
independent t-tests and marked with asterisks. EN - 
Enamic, polymer-infiltrated-ceramic network, SU - 
Suprinity, zirconia-reinforced lithium silicate, CD - Celtra 
Duo, zirconia-reinforced lithium silicate.
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groups, respectively (P < .05). The mean value of  the SU 
group was not significantly different from that of  the con-
trol (P = .222). The mean values of  the EN and CD groups 
did not differ significantly (P = .240). For the thickness 
changes in the identical monolithic ceramic crowns (Fig. 3), 
the mean fracture load of  the SU and CD groups increased 
significantly when the occlusal thickness increased (P < .001 
and P = .004, respectively), whereas that of  the EN group 
did not (P = .403). 

The SEM analysis of  the fractured surfaces revealed that 
all the test groups showed multiple crack propagations, 
arrest lines, compression curls, and hackle lines (twist hackle 
marks) (Figs. 4 to 8). The primary fracture origins were 
located at the occlusal surfaces of  the EN and EM crowns 
(Fig. 4, Fig. 5, and Fig. 8), while the fracture origins of  SU 
and CD groups were located at the deep inner regions of  
crowns near the cementation layer (Fig. 6 and Fig. 7). For 
the EN crowns, the cracks started from the contact point of  

Table 2.  Pairwise comparisons of tested ceramic groups with different occlusal thicknesses

Thickness (mm) Material I Material J Mean (I-J) SEM Significance

1.0 EN SU 48.370 108.358 1.000

CD 27.780 108.358 1.000

SU EN -48.370 108.358 1.000

CD -20.590 108.358 1.000

CD EN -27.780 108.358 1.000

SU 20.590 108.358 1.000

1.5 EN SU -636.480 108.358 .000*

CD -228.780 108.358 .118

SU EN 636.480 108.358 .000*

CD 407.700 108.358 .001*

CD EN 228.780 108.358 .118

SU -407.700 108.358 .001*

*P < .05 (Adjusted p value according to Bonferroni)
SEM, Standard Error of the Mean
EN - Enamic, polymer-infiltrated-ceramic network, SU - Suprinity, zirconia-reinforced lithium silicate, CD - Celtra Duo, zirconia-reinforced lithium silicate, EM - e.max 
CAD, lithium disilicate.

Fig. 4.  SEM fracture surface image of EN crown with 
occlusal thickness of 1.0 mm. HL: hackle line, AL: arrest 
line, white star: origin of fracture, TH: twist hackle, white 
solid arrow: crack propagation direction (CPD), CL: 
cementation layer, SD: supporting die.

Fig. 5.  SEM fracture surface image of EN crown with 
occlusal thickness of 1.5 mm. HL: hackle line, AL: arrest 
line, white star: origin of fracture, white solid arrow: 
crack propagation direction (CPD), CL: cementation 
layer, SD: supporting die.
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the loading surface and then stopped in deep occlusal sur-
faces. For the EM crown, multiple cracks were formed from 
the occlusal loading point. For the SU and CD crowns, main 
fracture origins were found at the interfaces between crown 
and cementation layer and the cracks propagated to the out-
er proximal or cervical area of  the specimens. Even though 
some small porosities were observed, the overall bonded 
interface between the test supporting die and the crown 
showed intimate contact (Figs. 4 to 8). 

DISCUSSION

The fracture loads of  monolithic crowns were differently 
influenced by the changes in occlusal thickness, depending 
on the type of  ceramics. When the occlusal thickness was 
identical, glass ceramic-based crowns showed higher frac-
ture resistance than did the PICN crowns, whereas lithium 
disilicate crowns had the highest value. Among the ZLS 
group, only the fracture resistance of  the SU crown was 
similar to the EM crown. Therefore, the null hypothesis of  
the present study was rejected. In this study, the mean frac-
ture load values of  all tested ceramic groups ranged from 
1400 N to 2500 N. This suggested that all the monolithic 
crowns used in the present research were sufficient for clini-
cal use because they can experimentally withstand the aver-
age (700 N) or the maximum physiological masticatory forc-
es (1000 N) exerted on posterior human teeth.25-27 This 
holds true even when their occlusal thicknesses have to be 
lesser (1.0 mm) than those recommended by the manufac-
turer. These findings, however, may not be directly applied 
to the clinical situations since additional considerations 
should be given to the patient’s masticatory pattern, antago-
nistic arch, and the characteristic of  the abutment.

 The PICN (EN group) has higher fracture resistances 
and damage tolerances than do pure-phase substances, 
mostly because of  the strengthening mechanism of  crack 
bridge zone formation, plastic deformation, and secondary 
cracking.28 Since the occlusal thickness affects the fracture 
resistance of  the ceramic crowns, the recommended thick-
ness ranges from 1.3 mm to 2.0 mm.29,30 In this study, we 
tested two different situation of  occlusal reduction; 1.5 mm, 
a recommended thickness, and 1.0 mm, a reduced thickness. 
Interestingly, the present study showed that an occlusal 

Fig. 6.  SEM fracture surface image of SU crown with 
occlusal thickness of 1.5 mm. HL: hackle line, AL: arrest 
line, CC: compression curl, TH: twist hackle, white star: 
origin of fracture, white solid arrow: crack propagation 
direction (CPD), CL: cementation layer, SD: supporting 
die.

Fig. 7.  SEM fracture surface image of CD crown with 
occlusal thickness of 1.5 mm. HL: hackle line, AL: arrest 
line, CC: compression curl, TH: twist hackle, white star: 
origin of fracture, white solid arrow: crack propagation 
direction (CPD), CL: cementation layer, SD: supporting 
die.

Fig. 8.  SEM fracture surface image of EM crown with 
occlusal thickness of 1.5 mm. HL: hackle line, AL: arrest 
line, CC: compression curl, TH: twist hackle, white star: 
origin of fracture, white solid arrow: crack propagation 
direction (CPD), CL: cementation layer, SD: supporting 
die.
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thickness change in the EN group did not significantly 
influence its fracture resistance. A composite of  polymer 
and ceramic material may have different physical character-
istics with the ceramic component only.30 A simplified molar 
onlay study using a resin nanoceramic did not show a signif-
icant difference in fracture resistance even when the thick-
ness changed from 1.0 mm to 1.5 mm.30 There was no lin-
ear relation between fracture load and thickness of  the 
material.30 This differed from the results obtained for lithi-
um disilicate, which showed a linear relation between thick-
ness and fracture load.30 The researchers suggested that the 
different mechanical properties of  the resin matrix and 
ceramic particles caused the fracture resistance to remain 
consistent with thickness changes within a certain range.30 
Likewise, the stress distribution and fracture mechanism of  
PICN may be different from those of  glass ceramics due to 
elastic polymer network in this study, which requires further 
evaluation.

In a previous study of  Preis and his colleagues, the ZLS 
and lithium disilicate crowns on the extracted molars showed 
similar fracture resistance.31 This was partly in agreement 
with the findings of  the present study. Of  the two types of  
ZLS, only the SU showed fracture resistance comparable to 
that of  lithium disilicate, whereas the CD group showed a 
significantly lower value compared to the control. Changes 
in the restoration thickness significantly affected the mean 
fracture loads of  both SU and CD groups. The SU crowns 
showed higher fracture resistances than the CD crowns with 
a statistical significance. Based on the instructions of  the 
manufacturers, the SU requires milling in the precrystallized 
stage and subsequent crystallization firing, whereas the CD 
starts milling with fully crystallized ceramic block. The man-
ufacturer’s data report that most of  the physical properties 
of  SU and CD groups, except for the coefficient of  thermal 
expansion, are basically the same. Because ceramics are sus-
ceptible to surface flaws and cracks introduced during 
machining, different fabrication methods between two ZLSs 
might affect the physical properties or the fracture mecha-
nism of  the milled crowns.29 Further controlled laboratory 
researches on this issue should be followed.

The supporting dies used in the present study were fully 
generated with CAD/CAM to have the same amount of  
occlusal and axial reduction. The researchers wanted to 
ensure that the physical properties of  the supporting tooth-
like structures used in the fracture testing were the same, as 
previously documented.32 Previously reported load-to-fail-
ure test protocols of  single ceramic restorations included 
abutments of  natural teeth, composite resin layering, or 
CAD/CAM.33-36 Each approach has its own advantages and 
weaknesses with respect to the standardization of  the speci-
mens and the physical properties of  the supporting dies.37,38 
To reflect clinical conditions, the physical properties of  the 
supporting die should be similar to those of  natural tooth; 
in particular, the elastic modulus of  supporting structure 
exerts a significant influence on the fracture resistance of  
ceramic crowns.37 A previous study revealed that the frac-
ture resistance of  all-ceramic crown increased with the elas-

tic modulus of  the supporting die.39 To simulate the in vivo 
situation, a supporting die with a low elastic modulus may 
be suitable for fracture strength test.37 According to the 
manufacurer’s information, the material used for supporting 
die had an elastic modulus of  approximately 3000 MPa. 
Based on the previous studies using controlled compression 
tests and nanoindentation tests, the modulus of  elasticity of  
this supporting die was in the range of  the reported values 
of  the elastic modulus of  healthy human tooth dentin.40-42 
In addition, the following methods of  determining the frac-
ture loads and patterns of  monolithic crowns were applied 
in this study to simulate clinically relevant events: 1) the 
ceramic crown was cemented on top of  a resin-based die; 2) 
the sample was soaked in distilled water at 37°C for 24 hours; 
3) a rubber film was placed; and 4) the fracture load was 
tested with a stainless-steel ball.43 

To date, many studies have reported fracture loads of  lithi-
um disilicate, PICN, and ZLS crowns measured under varying 
restoration thicknesses and die structures.31,44-47 Although it is 
difficult to compare the measurements between the studies 
due to variations in the supporting die material, load angle, 
fatigue load, specimen thickness, and cementation tech-
niques, the measured load values in the present study were 
within the range of  previously reported ones.31,44-47 With 
respect to axial wall thickness, Seydler et al.48 reported that 
the fracture loads of  lithium disilicate crowns were not 
affected significantly when the axial wall thickness was 
changed from 1.0 mm to 1.5 mm. However, because the 
mechanical properties of  all the tested ceramics differ, addi-
tional studies should focus on the effect of  axial thickness 
assuming minimal tooth reductions on the fracture resis-
tance of  various CAD/CAM-generated ceramic crowns. 

In the present study, the PICN and lithium disilicate 
crowns showed that the fractures originated in the area of  
loading contact, extended toward the cervical area, and 
resulted in a pattern of  complete separation while the crown 
was still attached to the die. In the EN sample, the propaga-
tion of  minor crack was stopped within the deep occlusal 
surface, suggesting possible crack limitation due to good 
damage tolerance. In accordance with our findings, recent 
studies showed most of  the fractures involved both the 
abutments and the crowns when monolithic ceramics or 
composites were cemented to supporting resin dies or 
bovine teeth.49,50 The crack propagations in those studies 
were dominantly from occlusal to cervical direction.43,49,50 On 
the contrary, the ZLS crowns tested in our study showed dif-
ferent patterns of  fractures, with deeply located crack origins 
near the interfaces between the crown and cementation layer. 
The compression curls and twisted hackle marks with bifur-
cations suggested possible crack propagation across the 
occlusal surface. Since all the tested crowns were destructed 
catastrophically, the fracture origins of  ZLS group detected 
in this fractographic analysis could be regarded as the pri-
mary. Moreover, the measured fracture load values of  SU 
crowns were similar to the previously reported ones in other 
ZLS-crown study.31 Clinical trials with complex designs 
should be required to validate the mechanical behaviors of  
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ceramic crowns in oral environments. However, laboratory 
studies with controlled factors are still able to provide clini-
cal relevant data if  proper conduction and interpretation 
were guaranteed.49,50 Considering the difficulties of  stan-
dardizing the properties and forms of  natural teeth speci-
mens, we performed our experiments as a preclinical pilot 
study with standardized abutments. There are limitations in 
applying the current findings to clinical settings, further 
assessments in controlled clinical studies are needed.

The present study measured the fracture resistance of  
the monolithic ceramic blocks without considering the 
fatigue of  ceramics and loading direction (lateral force). The 
mechanical test was simply conducted after storing the spec-
imens in distilled water for 24 hours, without thermal or 
mechanical cyclic loading. Therefore, the results of  this 
study can only provide limited information of  the initial 
performances of  the ceramic crowns. Since proper reduc-
tion of  the tooth structure is essential for the optimal 
strength, shade, and retention of  the finished ceramic resto-
rations, future studies should impose more stringent thick-
ness limits and load-bearing capacities, considering various 
parameters. As mentioned earlier, experimental studies 
exclude many of  the variables that are found in clinical set-
tings; thus, long-term assessments of  these materials in clin-
ical trials should be conducted according to patient charac-
teristics, locations, masticatory patterns, antagonistic condi-
tions, and large sample size. 

CONCLUSION

Within the limitations of  the study, the fracture loads of  
monolithic crowns were differently influenced by the chang-
es in occlusal thickness, depending on the type of  ceramics. 
Comparisons between different ceramic blocks showed that 
the fracture resistances of  the SU and EM crowns were 
comparable. The fracture load was significantly lower for 
the PICN group than for the lithium disilicate group. 
However, all the tested monolithic crowns had higher values 
than the maximum physiological masticatory force both at 
the recommended and reduced occlusal thickness, thereby 
demonstrating their clinical applicability in posterior esthetic 
restorations.
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