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Abstract

Statement of problem—Preparation designs and ceramic thicknesses are key factors for the 

long-term success of minimally invasive premolar partial coverage restorations. However, only 

limited information is presently available on this topic.

Purpose—The aim of this in vitro study was to evaluate the fracture resistance and failure modes 

of ceramic premolar partial coverage restorations with different preparation designs and ceramic 

thicknesses.

Material and methods—Caries-free human premolars (n= 144) were divided into 9 groups. 

Palatal onlay preparation comprised reduction of the palatal cusp by 2 mm (Palatal-Onlay-

Standard), 1 mm (Palatal-Onlay-Thin), or 0.5 mm (Palatal-Onlay-Ultra-Thin). Complete-coverage 

onlay preparation additionally included the buccal cusp (Occlusal-Onlay-Standard; Occlusal-

Onlay-Thin; Occlusal-Onlay-Ultra-Thin). Labial surface preparations with chamfer reductions of 

0.8 mm (Complete-Veneer-Standard), 0.6 mm (Complete-Veneer-Thin) and 0.4 mm (Complete-

Veneer-Ultra-Thin) were implemented for complete veneer restorations. Restorations were 

fabricated from a pressable lithium-disilicate ceramic (IPS-e.max-Press) and cemented adhesively 

(Syntac-Classic/Variolink-II). All specimens were subjected to cyclic mechanical loading (F= 49 

N, 1.2 million cycles) and simultaneous thermocycling (5°C to 55°C) in a mouth-motion 

simulator. After fatigue, restorations were exposed to single-load-to-failure. Two-way ANOVA 
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was used to identify statistical differences. Pair-wise differences were calculated and P-values 

were adjusted by the Tukey–Kramer method (α= .05).

Results—All specimens survived fatigue. Mean (SD) load to failure values (N) were as follows: 

837 (320/Palatal-Onlay-Standard), 1055 (369/Palatal-Onlay-Thin), 1192 (342/Palatal-Onlay-Ultra-

Thin), 963 (405/Occlusal-Onlay-Standard), 1108 (340/Occlusal-Onlay-Thin), 997 (331/Occlusal-

Onlay-Ultra-Thin), 1361 (333/Complete-Veneer-Standard), 1087 (251/Complete-Veneer-Thin), 

883 (311/Complete-Veneer-Ultra-Thin). Palatal-onlay restorations revealed a significantly higher 

fracture resistance with ultra-thin thicknesses than with standard thicknesses (P=.015). Onlay 

restorations were not affected by thickness variations. Fracture loads of standard complete veneers 

were significantly higher than thin (P=.03) and ultra-thin (P<.001) restorations.

Conclusions—In this in vitro study, the reduction of preparation depth to 1.00 and 0.5 mm did 

not impair fracture resistance of pressable lithium-disilicate ceramic onlay restorations but resulted 

in lower failure loads in complete veneer restorations on premolars.

INTRODUCTION

The use of tooth colored, ceramic restorative materials has increased significantly in the last 

decade.1 With the development and improvement of reliable adhesive bonding techniques, 

minimally invasive dentistry became a field of great interest in modern restorative dentistry. 

Preserving tooth structure is critical for the longevity of teeth and restorations.2-4 Therefore 

various treatment concepts such as defect-oriented veneer restorations evolved for the 

anterior dentition.5,6 However, for compromised teeth in the posterior dentition, minimally 

invasive dentistry is most commonly associated with direct composite resin restorations.7

Reports on preparation guidelines for indirect ceramic posterior partial coverage restorations 

remain sparse. Minimal ceramic thicknesses ranging from 1.5 mm to 2 mm are 

recommended by most manufacturers.8,9 However, these thickness requirements are mostly 

based upon the results of laboratory tests with limited clinical evidence.8 Increased ceramic 

thicknesses with corresponding tooth structure removal is recommended to prevent 

restoration fracture failure.10 However, when extensive amounts of tooth structure have 

been destroyed by caries, attrition, or erosion, preservation of the remaining tooth structure 

is crucial.11 A direct correlation of strength degradation with increased tooth structure 

removal has been well documented.12 Moreover, cusp stiffness is significantly impaired by 

cavity preparation.13,14 As a consequence, traditional restorative treatment concepts for 

posterior teeth often aimed to strengthen the tooth/restoration complex by extending 

preparation designs from inlay and partial coverage onlay to complete-coverage onlay or 

crown restorations at the expense of the remaining tooth structure.15,16 Due to the weakness 

of extensively prepared teeth, fracture failures of these restorations involve the restoration 

and underlying tooth structure and are most commonly reported as catastrophic.17,18 

Moreover tooth vitality is jeopardized by these extensive complete-coverage crown 

preparation designs.19

Quantitative analyses of various preparation designs have shown that the amount of tooth 

structure removal from onlay and partial crown preparation configurations in posterior teeth 

can be reduced by more than 40% as compared to complete coverage crown preparation.20 
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Therefore further preparation design modifications in the form of posterior complete veneer 

restorations with buccal surface coverage and chamfer margin have evolved.10

Available long-term clinical data on ceramic partial coverage restorations have revealed that 

ceramic bulk fracture is still the most common complication, despite ceramic thicknesses of 

at least 1.5 mm.10,21-23 However it should be noted that low strength ceramic materials such 

as feldspathic or leucite-reinforced glass ceramics have been used in most of these 

studies.10,22,24,25

More recently, ceramic systems such as lithium-disilicate glass ceramics have been 

developed for the fabrication of partial coverage restorations and have demonstrated 

increased fracture resistance.26 While short-term and medium-term clinical data on lithium-

disilicate restorations are promising, long-term data are still sparse.27,28

Some authors have reported satisfactory clinical long-term results for ceramic restorations 

even with minimal ceramic thicknesses ranging from 0.3 mm to 1.0 mm.29,30 However, no 

definitive information on the minimum ceramic thickness for posterior ceramic onlays and 

complete veneer restorations and its impact on fracture behavior is available. In addition, the 

clinical fracture failure of ceramic restorations is affected by a complex combination of 

factors, including cavity and restoration geometry, mechanical properties of the restoration, 

cementation material, and damage caused by occlusal function.31-35 Therefore, there is a 

need to systematically investigate the failure mechanisms of ceramic systems in laboratory 

studies where target parameters such as preparation designs and restoration thicknesses can 

be selectively tested under highly standardized conditions.

Furthermore, dental ceramics are susceptible to progressive slow crack growth36,37 and 

cyclic mechanical degradation.38-44 At low continuous or cyclic loads, especially in a humid 

environment, gradual strength degradation of the ceramic has been reported.45,46 Therefore, 

fatigue is a significant factor limiting the lifespan of ceramic restorations and therefore 

represents a prerequisite for valid in vitro testing.47

The aim of this study was to evaluate fracture resistance and failure modes of ceramic partial 

coverage premolar restorations made of a lithium-disilicate ceramic (IPS e.max Press) with 

different preparation designs and ceramic thicknesses after simulated mouth-motion fatigue. 

The null hypothesis was that reduction of ceramic thickness does not affect the fracture 

resistance of various partial coverage restorations.

MATERIAL AND METHODS

One-hundred and forty-four extracted caries and crack free human maxillary premolars were 

cleaned and then stored in 0.1 % thymol solution at room temperature. The Albert-Ludwig-

University of Freiburg Ethics Committee ruled that approval was not needed for the use for 

research purposes of unidentified and pooled extracted teeth. The teeth were divided into 9 

groups of 16 specimens each. Roots were covered with an artificial periodontal membrane 

(Anti-Rutsch-Lack; Wenko-Wenselaar GmbH & Co. KG, Hilden, Germany) at a distance of 

2 mm apically from the cementoenamel junction. Subsequently all teeth were embedded into 

an autopolymerizing resin (Technovit 4000; Heraeus Kulzer, GmbH & Co. KG, Wernheim, 
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Germany). Before preparation, 2 silicone impressions were made of each tooth. One 

impression was used as a template for the wax pattern of the ceramic restoration. The other 

one was sectioned in a buccolingual direction to control tooth structure removal during 

preparation. Three different preparation designs with 3 different ceramic thicknesses were 

investigated (Fig. 1). Two faculty members of the Department of Prosthodontics at the 

University Freiburg performed all preparations. All teeth received a mesio-occlusal-distal 

inlay preparation (4573 S Expert set for ceramic inlays and partial crowns; Brasseler GmbH 

& Co. KG, Lemgo, Germany). The depth of the isthmus was 3 mm with a width of 2 mm. 

Mesial and distal rounded box forms were prepared to a depth of 1 mm above the 

cementoenamel junction. Preparation depths were controlled with silicone keys and 

measured with a periodontal probe (Probe UNC# 12 hdl#6; Hu-Friedy, Tuttlingen, 

Germany)

The palatal onlay preparation included reducing the palatal cusp by 2 mm for Palatal Onlay 

Standard, 1 mm for Palatal Onlay Thin, and 0.5 mm for Palatal Onlay Ultra-Thin 

restorations. The complete-coverage onlay preparation comprised the reduction of the 

palatal and buccal cusp by 2 mm (Onlay Standard), 1 mm (Onlay Thin), or 0.5 mm (Onlay 

Ultra-Thin). The preparation design for a complete veneer restoration was additionally 

extended to the labial surface with a chamfer reduction of 0.8 mm (Complete Veneer 

Standard), 0.6 mm (Complete Veneer Thin), and 0.4 mm (Complete Veneer Ultra-Thin). All 

internal cavity preparation angles were rounded, and all surfaces were smoothed with fine 

diamond rotary cutting instruments (25 μm diamond grit size,4573 S Expert set for ceramic 

inlays and partial crowns; Brasseler GmbH & Co. KG)

Fabrication of the ceramic restorations

Impressions were made with a vinyl polysiloxane material (Dimension Garant L, Permagum 

Putty soft; 3M Espe, Seefeld, Germany). All restorations were fabricated from a pressable 

lithium-disilicate glass ceramic (IPS e.max Press; Ivoclar Vivadent, Schaan, Liechtenstein) 

according to the manufacturer’s instruction. All restorations were manufactured in a 

commercial dental laboratory (Labor Woerner; Freiburg, Germany) by a master dental 

laboratory technician. Special attention was given to maintain the specific ceramic 

thicknesses described for each group. Restoration thickness was controlled with silicone 

impressions during waxing. Subsequently thicknesses were measured in wax and before 

cementation with a caliper (Iwanson caliper; Renfert, Hilzingen, Germany). Cross-sections 

of selected specimens depict tooth-structure (dentin/enamel) and restoration ratios (Fig. 2).

Adhesive placement of ceramic restorations

The intaglio surfaces of the restorations were etched with 4.9 % hydrofluoric acid (IPS 

ceramic etching gel; Ivoclar Vivadent) for 20 seconds. Etched surfaces were then thoroughly 

rinsed with water for 60 seconds and air dried. Subsequently a silane coupling agent 

(Monobond S; Ivoclar Vivadent) was applied.

Teeth were etched (30 seconds for enamel, 15 seconds for dentin) with a 37% phosphoric 

acid (Total Etch; Ivoclar Vivadent) and rinsed with water. Tooth surfaces were conditioned 

with Syntac Primer, Adhesive and Heliobond (Ivoclar Vivadent) according to the 
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manufacturer’s instructions. All restorations were adhesively cemented with a dual-

polymerizing composite resin (Variolink II; Ivoclar Vivadent). Base and catalyst paste (high 

viscosity) were mixed for 10 seconds and then applied to the intaglio surface of the 

restoration. Any excess composite resin was removed and the margins were covered with an 

air-inhibiting gel (Liquid Strip; Ivcolar Vivadent). The restorations were seated with finger 

pressure and light polymerized with a light wavelength of 480 nm and a power of 1110 

mW/cm2 (Optilux 501; Kerr, Orange, Calif).

Fatigue simulation and fracture resistance test

Physiologic occlusal forces in the human mouth show a high variability among individuals 

and range between 10 and 120 N during mastication of food or swallowing.48-52 Therefore, 

a fatigue protocol with load application of 49 N was selected to represent the nominal 

occlusal force in the present study.

Accordingly, all specimens were exposed to dynamic loading of 1.2 million mastication 

cycles (Force=49 N) and 5500 thermal cycles (5°C and 55°C in water) in a computer 

controlled multifunctional mastication simulator (Willytec, Munich, Germany).42 A 

previous study showed that thermomechanical fatigue application of 1.2 million cycles was 

equivalent to 5 years of clinical performance.53

Cyclic fatigue testing was performed by sliding a steatite indenter (r=3 mm Steatit; Hoechst 

Ceram Tec AG, Wunsiedel, Germany) 0.6 mm (toward the central fissure) down the palatal 

cusp beginning at 0.5 mm (toward the central fissure) below the palatal cusp tip, simulating 

aspects of natural mastication at 1.6 Hz.42

After fatigue simulation, all specimens were loaded until fracture in a universal testing 

machine (Z010/TN 2S; Zwick, Ulm, Germany). The force was applied at the central fissure 

with a steel wedge at a cross-head speed of 0.1 mm/min until fracture. A 1-mm-thick tin foil 

was placed between the specimens and the steel wedge to avoid local stress concentration. 

The facture load values were recorded and evaluated with software (Xpert V 7.1; Zwick). 

For descriptive exploration of the data, boxplots were calculated and graphically displayed, 

stratified by group and thickness. A 2-way analysis of variance (ANOVA) was used. The 

continuous response variable (fracture resistance) is modeled as a function of group, 

thickness, and the corresponding interaction as explanatory variables. Model assumptions 

are graphically checked by residuals and other regression diagnostics (including Cook’s 

distance). Normality of error terms can be assumed. Pairwise differences of least-square 

means were calculated and P-values were adjusted by the Tukey-Kramer method (α=.05). 

All computations were performed with the statistical software (SAS system v9.1; SAS 

System for Unix, SAS Institute Inc, Cary, NC) by using the PROC MIXED procedure. 

Fractured surfaces were examined to evaluate mode of failures. Failure modes were 

classified as follows: (I) Extensive crack formation within the ceramic; (II) Cohesive 

fracture within the ceramic; (III) Fracture within the ceramic and tooth structures; (IV) 

Longitudinal ceramic and tooth fracture involving the root. All restorations were inspected 

under an optical microscope (SZH 10; Olympus Soft Imaging Solutions GmbH, Münster, 

Germany).
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RESULTS

All specimens survived thermomechanical fatigue application. Neither cracks nor fracture 

failures were observed within the tooth structures or within the ceramic restorations. The 

results of the single load to failure test are listed in Table I.

The overall P-values of the analysis of variance were as follows: group (P=.52), thickness 

(P=.54), and interaction of group and thickness (P<.001). Since the interaction was 

significant, a stratified analysis was performed.

Restorations with identical ceramic thickness but different preparation designs were 

compared and graphically displayed in box plots (Fig. 3). With standard ceramic 

thicknesses, complete veneer restorations showed significantly higher mean fracture loads 

than palatal onlays (P<.001) or occlusal onlays (P=.008). No significant differences among 

all preparation designs could be observed with thin ceramic thicknesses. Ultra-thin ceramic 

thickness palatal onlays revealed significantly higher fracture loads than complete veneers 

(P=.001).

Restorations with identical preparation design but different ceramic thicknesses were 

compared (Fig. 4). Palatal onlays with ultra-thin ceramic showed significantly higher mean 

fracture loads compared to their standard thicknesses counterparts (P=.015). Ceramic 

thickness had no influence on the fracture resistance of occlusal onlay restorations (P>.05). 

Ceramic thickness had a significant influence on the fracture resistance of the complete 

veneer groups. Significantly higher fracture load values were observed with standard 

thickness as compared to thin (P=.035) and ultra-thin restorations (P<.001).

Failure mode analysis after the single load to failure test are shown in Table II and depicted 

in Figure 5. Thin and ultra-thin palatal and occlusal onlay as well as complete veneer 

restorations failed predominately because of extensive crack formation within the ceramic or 

cohesive fractures limited to the ceramic material. Standard thickness restorations exhibited 

fracture failures that involved the ceramic material and the underlying tooth structure, 

irrespective of the preparation design. Longitudinal fractures which extended into the root 

were most commonly observed with the standard thickness of 2 mm.

DISCUSSION

The null hypothesis that a reduction in ceramic thickness does not affect the fracture 

resistance of various partial coverage restorations was partially rejected. Reduced ceramic 

thicknesses of 1.0 and 0.5 mm did not impair the fracture resistance of pressable lithium-

disilicate ceramic onlay restorations but resulted in lower failure loads in complete veneer 

restorations.

Controlled indentation fatigue studies have been used to simulate basic elements of 

mastication and identify damage modes in monolithic ceramic systems.38 Failures in 

ceramic restorations can initiate from a number of different sites. Near-contact occlusal 

surface fracture modes, including outer and inner Hertzian cone cracks or partial cone cracks 

(when sliding contact occurs) (brittle mode) and micro deformation yield median radial 
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cracks (quasiplastic mode) have been described.38-42 Far-field flexural radial fractures, 

initiating from the cementation surface with subsequent upward propagation and finally 

leading to bulk fracture of the restoration, are the prevalent failure mode of monolithic 

ceramics,43 especially for thin restorations (thickness < 1 mm).40 The critical load for radial 

crack initiation is determined by the difference in the elastic modulus between the 

restorative material and the cement/tooth supporting structure.44 These observations are 

confirmed by the present study. Palatal onlays with reduced ceramic thicknesses of 1 mm 

and 0.5 mm exhibited significantly higher failure loads as the supporting tooth structure was 

predominately enamel (Fig. 2), revealing a high modulus of elasticity relative to dentin.54 In 

contrast, the palatal onlay preparation with standard thickness exposed predominately 

dentin, providing a support of lower modulus of elasticity. This allows increased flexural 

tensile stresses to develop at the cementation intaglio surface during loading, putting the 

ceramic at higher risk of fracture.55 Minimally invasive occlusal onlay restorations showed a 

similar trend, which is in agreement with other studies reporting that the fracture resistance 

of ceramic restorations bonded with resin to enamel was higher than those bonded to 

dentin.25,26 Moreover, thinner, conservative occlusal veneers provide the advantage of 

bonding to enamel with superior bond strength than to dentin.25

Cusp coverage with partial or complete-crown preparation is commonly recommended in 

order to protect the weakened tooth structure.16 However, in the present study extending the 

preparation from a palatal onlay to a complete coverage occlusal onlay on premolars did not 

reveal increased failure loads. Similar results were observed in other in vitro studies32-35 and 

were also confirmed by clinical investigations.4,30 The benefit of the onlay preparation 

design can be explained by the amount of the remaining tooth structure,20 resulting in 

favorable distribution of stresses in teeth and reduced risk of fracture.56

Ceramic complete veneer restorations are well known as an esthetic and minimally invasive 

alternative for conventional complete-coverage crowns.2 In the present study the highest 

failure load values were observed for the complete veneer preparation design with standard 

ceramic thickness. However, reduction of the ceramic complete veneer thickness 

significantly decreased fracture resistance in premolars. This could be explained by the 

relatively complex restoration geometry of the complete veneer preparation design, which 

might have led to stress peaks at regions of geometrical changes.57 Upon occlusal loading, 

the bonded ceramic along the buccal veneer part is supported by both the underlying tooth 

structure and axial walls of the ceramic veneer. Therefore reductions in ceramic veneer 

thickness at the occlusal surface and axial walls result in a higher susceptibility to flexural 

fracture. As a consequence, thin and ultra-thin complete veneer restorations failed 

predominately from extensive crack or fracture failures that were limited to the ceramic 

restoration. Due to the limited reduction during preparation, the underlying tooth structure 

was only rarely involved in fracture. From a clinical perspective, these ceramic restoration 

failures could be readily treated by renewing the restoration.4 In contrast, catastrophic 

failures involving the underlying tooth structure and root, as generally observed with 

standard thickness restorations, would require further treatment, including endodontic 

treatment.58 This highlights the advantage of minimally invasive strategies, preserving the 

structural integrity of teeth.4
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There are several limitations to this study. The results are applicable only to the ceramic and 

luting system and preparation designs evaluated in premolars. Moreover, the single load to 

failure method resulted in a distributed load and did not replicate aspects of parafunctional 

occlusal habits that might involve individual cusp loading.

CONCLUSIONS

Within the limitation of this in vitro fatigue study, it was concluded that:

1. All premolar pressed lithium-disilicate glass ceramic partial coverage restorations 

revealed failure loads exceeding physiologic mastication forces.

2. Minimal invasive ceramic thicknesses can be successful as onlay restorations in 

premolars.

3. A beneficial effect of occlusal complete-coverage compared to partial-coverage 

onlay restorations could not be observed with any of the investigated ceramic 

thicknesses.

4. Complex complete veneer preparation designs revealed impaired fracture resistance 

with thin and ultra-thin ceramic thicknesses.

5. Irrespective of preparation designs, reduced ceramic thickness resulted in fewer 

catastrophic failure modes.
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CLINICAL IMPLICATIONS

Minimally invasive onlay preparation designs on premolars appeared to be fracture 

resistant. However, for complete veneer restorations, reduced ceramic thicknesses can 

only be recommended with caution.
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Fig. 1. 
Representative photographs of preparation designs in mesial, proximal, and occlusal views. 

A, Palatal Onlay. B, Occlusal Onlay. C, Complete Veneer.
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Fig. 2. 
Selective cross-sections of thin restorations in various preparation designs. A, Palatal Onlay. 

B, Occlusal Onlay. C, Complete Veneer.
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Fig. 3. 
Box plots of single load to failure test results in newtons (N). Comparison of groups with 

identical ceramic thickness and different preparation designs.
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Fig. 4. 
Box plots of single load to failure test results in newtons (N). Comparison of groups with 

identical preparation design and different ceramic thicknesses.
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Fig. 5. 
Representative photographs of failed specimens in proximal view. A, I : Extensive crack 

formation within the ceramic. B, II: Cohesive fracture within the ceramic. C, III: Fracture 

within the ceramic and tooth structures. D, IV: Longitudinal ceramic and tooth fracture 

involving the root.
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Table I

Load to fracture test results, in newton (N)

Group Minimum Lower
Quartile

Median Mean Upper
Quartile

Maximum Standard
deviation

Palatal
Onlay
Standard

346 573 776 837 1041 1472 320

Palatal
Onlay
Thin

596 779 1001 1055 1192 1946 369

Palatal-
onlay
ultra-thin

757 985 1108 1192 1402 2091 342

Occlusal
onlay
standard

481 672 814 963 1183 1691 405

Occlusal
Onlay
Thin

378 905 1055 1108 1343 1777 340

Occlusal
Onlay
Ultra-Thin

523 801 979 997 1089 1969 331

Complete
veneer
standard

900 1130 1300 1361 1532 2211 333

Complete
veneer
thin

675 898 1039 1087 1255 1510 251

Complete-
veneer
ultra-thin

415 651 729 833 963 1627 311
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Table II

Failure mode description after single load to failure testing. Percent failure for each preparation design and 

ceramic thickness. I: Extensive crack formation within ceramic. II: Cohesive fracture within ceramic. III: 

Fracture within ceramic and tooth structures. IV: Longitudinal ceramic and tooth fracture involving root

Group Mode of failure (%)

I II III IV

Palatal onlay standard 6.25 25.00 31.25 37.50

Palatal onlay thin 6.25 56.25 18.75 18.75

Palatal onlay ultra-thin 6.25 50.00 25.00 18,75

Onlay standard 0.00 12.50 18.75 68.75

Onlay thin 25.00 37.50 25.00 12.50

Onlay ultra-thin 43.75 31.25 18.75 6.25

Complete veneer standard 0.00 37.50 6.25 56.25

Complete veneer thin 50.00 31.25 12.50 6.25

Complete veneer ultra-thin 75.00 12.50 0.00 12.50
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