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Abstract
Background  Conventional full-coverage anterior crown preparations for zirconia often require substantial enamel 
and dentine reduction and may concentrate palatal-cervical stresses, risking marginal discrepancy and compromised 
seal. A conservative “Mini-skirt” (MS) design that positions the palatal finish line coronally (above the cingulum) could 
preserve tooth structure and enhance adhesive support, but its thermo-mechanical performance under thermal 
cycling and fatigue loading remains unclear.

Purpose  To evaluate whether a conservative MS anterior preparation, with a palatal finish line above the cingulum, 
improves the thermo-mechanical behavior of generation-5 zirconia crowns compared with a conventional full-
coverage (CF) design.

Methods  Sixty extracted maxillary central incisors were randomly assigned to MS or CF groups (n = 30). Monolithic 
4Y zirconia crowns were CAD/CAM-manufactured, air-abraded and adhesively luted. Specimens were thermocycled 
10,000 times between 5 °C and 55 °C, then obliquely loaded at 45° for 1.7 × 10⁶ cycles (50 N, 2 Hz); survivors 
underwent static fracture testing (0.5 mm·min⁻¹). Marginal gaps were quantified from silicone replicas; failures were 
classified Grades I–IV (restorable = I–III). Finite-element models (~ 1.3 M elements) reproduced boundary conditions to 
map stress.

Results  The MS preparation endured thermo-mechanical ageing markedly better than CF: 93.3% (28/30) versus 
53.3% (16/30) of crowns completed the fatigue protocol (χ² = 9.01, p = 0.003). Post-fatigue, median fracture load 
increased from 860 N (IQR 780–930 N) in CF to 1,140 N (1,030–1,260 N) in MS (p < 0.05). Mean marginal gap contracted 
from 112 ± 21 μm to 67 ± 14 μm (40% reduction, p < 0.001). Restorable fractures predominated in MS (83%) but were 
minority in CF (37%); catastrophic Grade IV failures fell from 63% to 17% (χ² = 13.6, p < 0.001). Finite-element analysis 
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​​Background
Restorative dentistry has always stood at the intersec-
tion of conservation and endurance, preserving as much 
healthy tissue as possible while ensuring that the resto-
ration can survive decades of thermo-mechanical insult 
inside the mouth. Preparation geometry is the clinician’s 
primary engineering control: it dictates the thickness and 
position of restorative material, the amount of supporting 
enamel and dentine retained, and the direction in which 
functional and thermal stresses are shunted through the 
crown–tooth complex [1, 2]. For maxillary central inci-
sors the status-quo geometry since the 1980s has been a 
full-coverage preparation following the cervical margin 
[3]. Although this design reliably provides retention and 
allows space for modern ceramics, Finite-element analy-
sis (FEA) and in vitro fatigue studies have revealed three 
persistent liabilities: (i) palatal cervical stress peaks that 
precipitate marginal micro-cracks (ii) unnecessary axial 
reduction that sacrifices valuable tooth structure, and (iii) 
sub-optimal bonding where the margin terminates on 
cementum rather than enamel [4, 5]. 

In search of a geometry that mitigates these shortcom-
ings without compromising aesthetics, the Mini-skirt 
(MS) preparation was proposed. The defining feature is a 
palatal finish line raised around 0.5 mm above the cingu-
lum, coupled with a modest 0.4 mm axial reduction that 
preserves more coronal tissue. By relocating the margin 
into the thicker enamel of the palatal zone, the design 
aims to: (a) spare more valuable tooth structure [4], (b) 
finish the palatal margin in enamel and dentine for bet-
ter bonding [6], and (c) simplify margin visualization for 
both clinician and technician [7, 8]. 

The convergence of digital dentistry and high-strength 
polycrystalline ceramics amplifies the MS design’s clini-
cal appeal. CAD/CAM milling allows micron-level 
reproduction of the elevated palatal finish line, while 
contemporary adhesive systems provide durable bonds 
even on minimal enamel widths [9, 10]. 

Teeth endure approximately 2,300 chewing cycles·day⁻¹ 
and experience abrupt thermal excursions whenever a 
patient alternates hot coffee with cold water [11]. This 
thermo-mechanical loading produces cyclic tensile/com-
pressive strains and repeated thermal-shock events that 

challenge both the restorative material and the adhesive 
luting layer. A preparation that merely survives static 
load testing is therefore no guarantee of long-term suc-
cess [12, 13]. 

Potential clinical and sustainability implications remain 
speculative and require confirmation through future clin-
ical and life-cycle studies. Finite-element analysis (FEA) 
was included as a complementary computational method 
to support the mechanical findings by identifying stress-
distribution patterns within the crown–tooth complex. 
In the present study, FEA was used to examine whether 
differences in fatigue survival, fracture resistance, mar-
ginal integrity, and failure mode could be explained by 
changes in palatal-cervical stress concentration and 
interfacial load transfer [14]. 

The present study hypothesizes that the MS geome-
try will outperform the conventional design in: fracture 
resistance and fatigue survival, marginal integrity, and 
overall failure-mode distribution favoring restorable type 
of failures.

A secondary aim is to triangulate mechanical findings 
with FEA-derived stress maps so that any performance 
differences can be mechanistically explained. By deliver-
ing an integrated mechanical-computational assessment, 
this work seeks to clarify whether the theoretical advan-
tages of the MS preparation are supported by controlled 
laboratory and computational findings.

Methods
Study setting
The investigation was conducted over seven months in 
2025 in the CAD/CAM Unit, Prosthodontics Depart-
ment, Faculty of Oral and Dental Medicine, Nahda Uni-
versity, Beni Suef, Egypt. The protocol received approval 
from the Institutional Review Board of the Faculty of 
Oral and Dental Medicine, Nahda University (IRB #003-
9-25-3). Extracted maxillary central incisors obtained 
during periodontal surgeries with informed patient con-
sent were used, and each sample was coded to safeguard 
donor anonymity. All procedures conformed to the Dec-
laration of Helsinki and to applicable national and insti-
tutional guidelines governing the ethical use of human 
tissues [15]. 

corroborated the laboratory data, showing a 40% drop in peak palatal-cervical von Mises stress (415 to 250 MPa) and 
parallel reductions in tensile dentine stress and cement-shear hotspots.

Conclusions  Within the limitations of this in vitro study, the MS preparation showed favorable biomechanical 
performance under simulated thermo-mechanical loading. These findings provide a preclinical rationale for 
further investigation of the MS design, although long-term clinical studies are required before definitive clinical 
recommendations can be made.

Keywords  Conservative preparation, Failure mode, Finite-element analysis, Marginal adaptation, Thermo-mechanical 
fatigue, Zirconia crowns
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Study design
A controlled in vitro experimental design was adopted 
to compare two maxillary-central-incisor preparation 
geometries under simulated oral conditions.

Sample size calculation
The primary endpoint of this study was thermo-mechan-
ical fatigue survival, defined as the proportion of speci-
mens completing the aging/fatigue protocol without 
catastrophic failure. Therefore, the a priori sample-size 
calculation was performed using G*Power software (Ver-
sion 3.1, Heinrich-Heine-Universität Düsseldorf, Düs-
seldorf, Germany) for a two-sided comparison of two 
independent proportions. The calculation was based on 
an α level of 0.05, statistical power of 80%, and an alloca-
tion ratio of 1:1. The expected survival proportions were 
estimated as 90% for the Mini-skirt (MS) group and 60% 
for the conventional full-coverage (CF) group, based on 
preliminary pilot/manufacturer data, corresponding 
to an assumed effect size of Cohen’s h = 0.73. The mini-
mum required sample size was 30 specimens per group. 
Accordingly, a total of 60 extracted maxillary central inci-
sors were included and equally allocated to the two study 
groups.

Teeth collection and preparation
Sixty freshly extracted maxillary central incisors having 
closely matched in labio-palatal and mesio-distal dimen-
sions, were collected from the Department of Periodon-
tology, Faculty of Oral and Dental Medicine, Nahda 
University. Teeth were discarded if they exhibited axial 
caries, unusually large or small restorations, crown or 
root fractures, or surface decalcification [16]. Dimen-
sions were verified with a digital caliper, after which the 
teeth were stratified by crown morphology and randomly 
allocated into two groups of N = 30. Soft-tissue remnants 
and calculus were removed using ultrasonic scaler, and 
all specimens were sterilized in an autoclave at 121 °C (≈ 
15 psi) for 20 min [17, 18]. 

Previous evidence suggests that steam autoclave steril-
ization may not necessarily alter dentine substrate behav-
ior, as Pashley et al. reported no significant effect on 
dentine permeability or shear bond strength after steril-
ization of human teeth under their study conditions [19]. 

Teeth reduction and preservation
All preparations were performed by a single experienced 
operator (M.R.) under a dental operating microscope at 
×10 magnification (ZEISS EXTARO 300, Carl Zeiss Med-
itec AG, Jena, Germany) to minimize operator variability. 
Before the main experiment, the operator was calibrated 
on pilot specimens using the same preparation protocol, 
burs, and reduction targets planned for the study. Cali-
bration was considered acceptable only after repeated 

preparations showed consistent finish-line position, 
axial reduction, and incisal reduction within predefined 
tolerances. During specimen preparation, all teeth were 
mounted in a dental surveyor to standardize the path of 
insertion and overall convergence, and depth-orientation 
grooves were used to guide reduction. Reduction depth 
and finish-line location were checked at each step using a 
digital caliper and silicone index.

To provide independent verification, all prepared teeth 
were digitally scanned after preparation, and the scans 
were assessed against the planned preparation dimen-
sions using CAD software. Margin position, axial reduc-
tion, and incisal reduction were measured at predefined 
reference points by an independent examiner. This work-
flow ensured both operator standardization and objective 
confirmation of preparation accuracy.

All tooth preparations were performed using a high-
speed rotary handpiece under copious water cooling. 
Bulk tooth reduction was performed using round end 
taper (RET) carbide bur # H856U.314.016 ((Komet Den-
tal/Gebr. Brasseler GmbH & Co. KG, Lemgo, Germany), 
whereas finish-line refinement and smoothing of the 
internal line angles were completed using carbide bur # 
H 856 U RET (Komet Dental/Gebr. Brasseler GmbH & 
Co. KG, Lemgo, Germany). The same bur sequence and 
instrumentation protocol were used for all specimens to 
ensure standardization of the preparations.

Mini-skirt preparation design
The MS preparation was performed as a conservative 
anterior full crown design in which the palatal finish line 
was raised coronally (~ 0.5 mm above the cingulum). On 
the palatal cervical third, axial reduction was limited to 
~ 0.4  mm, and the palatal finish line in this region was 
prepared as a light chamfer margin matching the reduced 
thickness. The remaining surfaces followed standard-
ized zirconia crown reduction targets: incisal reduction 
2.0  mm (two-plane), labial reduction 1.0  mm (three-
plane), and proximal reduction 0.8 mm, all with rounded 
internal line angles. A continuous circumferential finish 
line was maintained, with the facial/proximal margin 
prepared as a deep chamfer of 0.4–1.0  mm, while the 
palatal margin transitioned smoothly into the coronally 
displaced MS without sharp steps. Total occlusal conver-
gence was standardized to approximately 6°, and a uni-
form insertion path was maintained (Figures 1, 2 and 3).

Conventional full-coverage preparation design
The CF preparation was executed as a traditional circum-
ferential anterior crown preparation with the finish line 
following the cervical contour around the entire tooth, 
including the palatal aspect (no coronal displacement). 
Reduction targets were standardized as follows: incisal 
reduction 2.0  mm (two-plane), labial reduction 1.0  mm 
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Pseudo periodontal ligament addition
A 0.2 mm coat of molten wax was painted onto each 
root stopping 1 mm apical to the cementoenamel junc-
tion (CEJ) to simulate the periodontal ligament. Using a 
paralleling jig, the teeth were set upright in self-curing 
acrylic cylinders (Axcent Orthodontic Acrylic, Gar-
reco LLC, Heber Springs, AR, USA; 20 mm diameter × 
25 mm height). After the resin cured, the teeth were 
removed and all wax was peeled from both the roots and 
the acrylic sockets. Light-body polyvinyl siloxane (PVS) 
(Virtual Light Body, Ivoclar Vivadent AG, Schaan, Liech-
tenstein) was then injected into the space between each 
tooth and its socket, and any material rising above the 
CEJ was trimmed away with a No. 12 surgical blade [21] 
(Figures 5, 6 and 7).

(three-plane), palatal axial reduction 0.4 mm, and proxi-
mal reduction 0.8 mm, with all internal angles rounded. 
The circumferential finish line was prepared as a deep 
chamfer of ~ 0.4–1.0  mm to support monolithic zirco-
nia thickness requirements and seating accuracy. Total 
occlusal convergence was maintained at approximately 
6°, with a continuous, clearly defined margin and smooth 
transitions to minimize localized stress concentration. 
(Fig. 4)

Following preparation, the specimens were immersed 
in sterile 0.9% saline to prevent desiccation. Before exper-
imentation, each tooth was screened under a stereomi-
croscope (2.5×) to ensure it was free of cracks or other 
defects [20]. 

Fig. 2  Conservative MS maxillary central incisor preparation with the palatal finish line raised above the cingulum and reduced axial reduction

 

Fig. 1  Diagram of MS preparation design
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Specimens grouping
The 60 specimens were stratified by preparation type and 
randomly assigned to two equal groups (N = 30): Group 
MS, receiving the Mini-skirt preparation, and Group CF, 
receiving the conventional full-coverage preparation.

Zirconia crown fabrication
All dies were scanned individually with an intraoral dig-
ital scanner (Medit i700, Medit Corp., Seoul, Republic 
of Korea). For each preparation design, a single mono-
lithic zirconia crown replicating a maxillary central 
incisor was digitally designed. Generation-5 mono-
lithic zirconia blocks (Art, White Stone Advanced Den-
tal Materials, Cairo, Egypt) were then dry-milled on a 
five-axis milling unit (ED5X, EMAR, 10th of Ramadan 

City, Sharqia, Egypt). The milled crowns were collected, 
inspected, and sintered following the manufacturer’s 
prescribed firing schedule. Final finishing and high-
gloss polishing were performed with dedicated rubber 
discs (ZiLMaster Finishing & Polishing Kit HP, Shofu 
Inc., Kyoto, Japan). (Figures 8, 9, 10 and 11)

Zirconia crown cementation
Each crown was first trial-seated on its corresponding 
resin die. Dentine surfaces were conditioned with 39% 
phosphoric acid gel (TOKUYAMA® ETCHING GEL 
HV, Tokuyama Dental Corporation, Tokyo, Japan) for 5 
s, then rinsed for 20 s. A universal adhesive (PALFIQUE 
BOND, Tokuyama Dental Corporation, Tokyo, Japan) 
was applied for 10 s, gently air-thinned for 10 s, and light-
cured for 10 s. The crown interiors were air-abraded 
with 50 μm aluminum-oxide particles, cleaned with 
alcohol, and dried with oil-free air. A ceramic primer 
(TOKUYAMA UNIVERSAL PRIMER, Tokuyama Dental 
Corporation, Tokyo, Japan) was applied and air-dried for 
5 s. Adhesive resin cement (ESTECEM Plus, Tokuyama 
Dental Corporation, Tokyo, Japan) was injected into each 
crown, which was then seated on its tooth under a con-
stant 5 kg load for 10 min; excess cement was cleared 
after 3–5 min. Final polymerization was performed using 
an LED light-curing unit with an output intensity of 
approximately 1200 mW/cm² and a wavelength range of 
about 430–480 nm. The light tip was positioned as close 

Fig. 4  Diagram of CF preparation design

 

Fig. 3  Schematic comparison of conventional full-coverage (CF) and Mini-skirt (MS) preparation designs in labial, palatal, and proximal views, highlight-
ing the coronally raised palatal finish line in the MS design
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as possible to the crown surface during curing, and each 
surface was light-cured for 40 s according to the stan-
dardized cementation protocol [15, 22] (Fig. 12).

Thermal cycling of specimens
Each specimen underwent 10,000 thermal cycles in a 
thermocycler (THE-1200, SD Mechatronik GmbH, Feld-
kirchen-Westerham, Germany), alternating 30  s at 5  °C 
and 20  s at 55  °C, with a 10-s transfer interval between 
baths.

Marginal-integrity evaluation with the addition-silicone 
replica technique
Light-body PVS (Virtual Light Body, Ivoclar Vivadent 
AG, Schaan, Liechtenstein) was syringed into the crown 

cavity, avoiding air entrapment. Each crown was seated 
on its corresponding tooth and loaded vertically to 
50  N for the manufacturer’s recommended setting time 
plus 1  min (total ≈ 5  min) to ensure complete polymer-
ization. Without disturbing the assembly, heavy-body 
PVS (Virtual Heavy Body, Ivoclar Vivadent AG, Schaan, 
Liechtenstein) was injected to fill the entire crown and 
circumferentially around the margin; the material was 
allowed to set (≈ 3 min). The crown–replica complex was 
then removed en bloc. The resulting replica consisted of 
a light-body liner, an internal heavy-body core filling the 
crown, and an external heavy-body base at the margin. 
Each replica was sectioned buccopalatal and mesiodistal 
with a No. 11 surgical blade (hand-driven). Calibrated 
images were captured under a stereomicroscope (20×). 

Fig. 6  Conservative MS maxillary central incisor placed in epoxy resin block with PDL simulation

 

Fig. 5  Simulation of the periodontal ligament: teeth embedded in acrylic blocks with a 0.2-mm polyvinyl siloxane layer around the roots
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Light-body PVS film thickness was measured at the 
labial, palatal, mesial, and distal margins at 10 evenly 
spaced points per margin. For reliability, a second blinded 
examiner re-measured 20% of the sections.

Fatigue-testing protocol
The fatigue protocol was chosen to simulate functional 
loading of maxillary anterior teeth. The load was applied 
at 45° to the long axis to reproduce the oblique palatal 
contact pattern associated with incisal guidance and pro-
trusive function, thereby generating clinically relevant 
tensile and shear stresses in the palatal cervical region 
[23–26]. 

A digital inclinometer verified ± 0.3°. Tests were per-
formed on an electrodynamic universal testing machine 

(ElectroPuls E3000, Instron, Norwood, MA, USA) with 
a 3 kN load cell (± 0.5% FS) and an LVDT displacement 
transducer (± 0.1 mm). A polished stainless-steel hemi-
spherical indenter (4 mm radius) was mounted at the 
same 45° inclination and aligned to the mid-palatal fossa. 
The indenter was replaced after every ten specimens to 
avoid surface roughening [27]. 

Sinusoidal force-control loading was used: 5–50 N (R = 
0.1) at 2 Hz (120 cycles·min⁻¹), which completes approx-
imately 1.7 × 10⁶ cycles in approximately 10 days while 
limiting self-heating of the zirconia core. Before cycling, 
a 10 N seating load was applied for 60 s to stabilize the 
crown–cement–tooth complex and vent trapped air from 
the water chamber. Each specimen was run for 1.7 × 10⁶ 
cycles, corresponding to approximately 2 clinical years, 

Fig. 8  Digital impressions and CAD design of monolithic zirconia crowns on standardized MS preparation

 

Fig. 7  CF maxillary central incisor placed in epoxy resin block with PDL simulation
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assuming approximately 2,300 cycles·day⁻¹ [9]. Specimens 
completing the schedule were classified as run-outs.

Failure was automatically flagged by either: (i) A sud-
den 10% drop in peak load for three consecutive cycles 
(typical of crack-through or cement rupture), (ii) excess 
displacement (> 0.05  mm beyond the elastic range), 
(iii) manual termination when an audible crack or vis-
ible dislodgement was detected through the transparent 
chamber wall. Immediately after cycling, the crown was 
loaded to catastrophic fracture at a cross-head speed of 
0.5 mm·min⁻¹. (ISO 6872 compliant). Peak fracture load 
(N) and energy-to-fracture (area under the load–dis-
placement curve) were recorded.

Failure mode and restorability index
Following fracture-testing, each specimen was examined 
by three operators, both unaided and with a 3.5 × surgical 
loupe (Lupa, Bio-Art Equipamentos Odontológicos Ltda., 
São Carlos, SP, Brazil). Failures were classified according 
to a modified restorability scheme :

 	• Grade I – fracture confined to the crown.
 	• Grade II – fracture limited to the tooth, within the 

coronal third of the root.
 	• Grade III – fracture involving both crown and tooth, 

within the coronal third of the root.
 	• Grade IV – tooth fracture (with or without crown 

involvement) extending beyond the coronal third of 
the root.

Fig. 10  MS Monolithic zirconia crown on standardized MS preparation

 

Fig. 9  MS monolithic zirconia crown on 3D printed resin die
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Grades I–III were deemed restorable, whereas Grade IV 
was considered non-restorable ( Fig. 13).

Finite-element analysis (FEA)
STL files of both crown and tooth were exported into 
Mimics 25.0 (Materialise NV, Leuven, Belgium). Enamel, 
dentine, resin cement, zirconia crown, periodontal-
ligament (PDL) layer (0.2  mm), and acrylic embedding 
block were segmented as separate volumes. Stair-step 
artifacts were smoothed in 3-Matic 17.0, sharp edges at 
the finish lines were retained to preserve geometric fidel-
ity. The six solids were exported to ANSYS Workbench 
2024 R2 (ANSYS, Inc., Canonsburg, PA, USA) for mesh-
ing and analysis. The FEA model was verified through 
geometric verification, mesh-convergence testing, and 

matching of the computational boundary conditions 
to the experimental setup. The segmented models were 
visually inspected to confirm preservation of the finish-
line geometry, crown margins, cement layer, periodontal-
ligament simulation, and acrylic embedding block. Mesh 
convergence was confirmed when further mesh refine-
ment changed the peak von Mises stress by less than 5%.

All materials were defined as homogeneous, isotro-
pic and linearly elastic (Table  1). These assumptions 
were adopted to simplify the computational model and 
allow direct comparison between the two preparation 
designs under identical boundary conditions. The elas-
tic moduli were selected from published dental FEA 
literature and manufacturer-provided material data to 
represent commonly accepted mechanical parameters 

Fig. 12  Cemented zirconia crowns to the corresponding teeth: CF specimen

 

Fig. 11  Monolithic zirconia crown on standardized CF preparation
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for enamel, dentine, zirconia, resin cement, periodontal 
ligament simulation, and acrylic embedding material. 
Elastic moduli for dental tissues were taken from vali-
dated meta-analyses; zirconia and cement values were 
manufacturer-supplied. Poisson’s ratio for all materials 
was 0.30 ± 0.02.

All adjoining solids were set as perfectly bonded to 
emulate complete adhesive coverage. The basal surface of 
the acrylic cylinder was fixed in all translational and rota-
tional degrees of freedom. A static 250 N force, oriented 
45° to the long axis, was applied over a 1 mm-diameter 
patch on the palatal fossa (matching the experimental 
loading indent). Peak von Mises and maximum principal 
stresses in crown, cement and dentine, contact pressure 
along the finish line, and total displacement of the crown 
tip (deformation) were evaluated.

Statistical analysis
All statistical computations were performed with IBM 
SPSS Statistics v28 (IBM SPSS Statistics v28, IBM Corp., 
Armonk, NY, USA). Descriptive statistics was done for 
each continuous variable (e.g., fracture resistance), the 
mean ± standard deviation (SD) was reported when data 
followed a normal distribution; otherwise the median 
and inter-quartile range (IQR) were provided. Failure 

mode (grades I–IV) were summarized as absolute counts 
and percentages. Normality of each continuous dataset 
was assessed with the Shapiro–Wilk test (α = 0.05) and 
inspection of Q-Q plots. When the data met normal-
ity assumption, parametric tests were applied ( Inde-
pendent-samples t-test ). If normality were violated, the 
corresponding non-parametric alternatives were used 
(Mann–Whitney U test). Associations between prepara-
tion design and categorical failure modes were examined 
with the χ² test of independence. The hazard ratio was 
calculated from the time-to-event (cycles-to-failure) data 
obtained during the thermo-mechanical fatigue test. For 
each specimen, the event variable was defined as fatigue 
failure during cyclic loading, and the time variable was 
the number of cycles completed before failure. Speci-
mens that survived the full 1.7 × 10⁶ cycles were consid-
ered censored observations.

Survival was analyzed using Kaplan–Meier curves and 
compared between groups using the log-rank test. The 
hazard ratio was estimated using a univariable Cox pro-
portional hazards regression model, with preparation 
design as the predictor variable. The proportional hazards 
assumption was assessed by inspection of log-minus-log 
survival plots. No relevant violation of the proportional 
hazards assumption was detected. P-value < 0.05 was 
considered statistically significant.

Results
Thermo-mechanical fatigue survival
Under the combined regimen of 10,000 thermal 
exchanges (5  °C ↔ 55  °C) followed by 1.7 × 10⁶ oblique 
load cycles (50 N, 2 Hz), 28 of 30 MS specimens and 16 
of 30 CF specimens reached the preset “run-out” target 
(93.3% vs. 53.3%) (Table 2).

Table 1  Elastic moduli of model components
Component Elastic modulus (GPa)
Zirconia crown 210

Resin cement 8.7

Enamel 84

Dentine 18.6

Periodontal ligament 0.068

PMMA acrylic block 2.7

Fig. 13  Modified failure-mode and restorability scheme (Grades I–IV) used to classify crown and root fractures. Grade I to III restorable, while grade IV 
irrestorable
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 	• Absolute risk of catastrophic failure: 6.7% (MS) vs. 
46.7% (CF).

 	• Risk ratio (RR) for failure = 7.0 (95% CI 1.7–28.2), 
indicating that CF crowns were seven times more 
likely to fracture before the end of the cycling 
protocol.

 	• Kaplan–Meier analysis showed the steepest drop for 
CF between 0.6 × 10⁶ and 1.1 × 10⁶ cycles, whereas 
the two MS failures occurred late (≥ 1.35 × 10⁶ 
cycles), yielding a significant log-rank difference (χ² = 
9.01, p = 0.003).

 	• A univariable Cox proportional hazards model 
showed a higher fatigue-failure hazard for the 
CF group compared with the MS group (hazard 
ratio = 2.9, 95% CI 1.4–6.1), indicating an almost 
three-fold higher probability of earlier failure for CF.

Static fracture resistance (post-fatigue)
Median fracture loads rose from 860 N (IQR 780–930 N) 
in CF to 1,140  N (IQR 1,030–1,260  N) in MS (Mann-
Whitney U = 238, p = 0.012) (Table 3).

 	• Relative gain: +32% in favor of MS.
 	• The rank-biserial correlation (r = 0.72) reflects a large, 

practice-relevant effect.
 	• Assuming a clinical incisal occlusal force envelope 

of 150–300 N, both designs remained within an 8.0 
safety factor for static overload, but the MS design 
retained a ≥ 30% residual reserve after aging, whereas 
CF often fell below a 3 × margin.

Marginal integrity (silicone-replica film thickness, µm)
Average replica-film thickness fell from 112 ± 21 μm (CF) 
to 67 ± 14  μm (MS), a 40% contraction that keeps MS 
comfortably below the widely accepted 120  μm clinical 
limit (Table 4) (Fig. 14).

 	• Coefficient of variation remained similar (MS 21%, 
CF 19%), suggesting the improvement was systematic 
rather than operator-dependent.

Failure-mode distribution and restorability
Using the modified four-grade scheme (I–IV), 25 of 30 
MS specimens (83%) failed in restorable patterns (Grades 
I–III) versus only 11 of 30 CF crowns (37%), χ² = 13.6, 
p < 0.001 (Table 5) (Figs. 15 and 16).

 	• Most frequent MS failure: chipping confined to the 
crown body (Grade I) (Fig. 17).

 	• Most frequent MS failure: chipping confined to the 
crown body (Grade I) (Fig. 18).

 	• Between-group Restorability: RR = 2.27 (95% CI 
1.38–3.74). Non-restorable risk reduction: dropped 
from 63% (CF) to 17% (MS), giving an ARR = 46% 
and NNT ≈ 2.2.

Finite-element analysis (FEA)
Digital twins reproduced the loading boundary condi-
tions; peak von Mises stress at the palatal cervical region 
dropped from 415 MPa (CF) to 250 MPa (− 40%) in MS, 
with a broader, more coronal load-sharing footprint. 
Mesh-convergence testing confirmed numerical stability, 

Table 2  Thermo-mechanical survival “run-out” by group
Group Survived “run-out” Survival rate
Mini-skirt (MS) 28 / 30 93.3%

Full-coverage (CF) 16 / 30 53.3%

Between-group (log-rank) — χ² = 9.01
p = 0.003

Table 3  Post-fatigue fracture resistance by group
Statistic MS CF Test
Median (IQR), N 1140 (1030–1260) 860

(780–930)
Mann–Whitney
U = 238, p = 0.012

Mean ± SD, N 1137 ± 142 855 ± 128 Cohen’s
d = 2.14

Energy-to-fracture followed the same trend (MS = 18.4 ± 3.9 J vs. CF = 11.7 ± 2.8 J, p < 0.001)

Table 4  Marginal film thickness by margin location (mean ± SD, µm)
Margin MS (mean ± SD) CF (mean ± SD) Δ (%)
Labial 69 ± 13 115 ± 22 –40%

Palatal 64 ± 15 118 ± 19 –46%

Mesial 66 ± 14 109 ± 20 –39%

Distal 70 ± 16 106 ± 23 –34%

Pooled 67 ± 14 112 ± 21 –40%
Two-way ANOVA: significant effects for both preparation design (p < 0.001) and margin location (p = 0.032) with no interaction (p = 0.41)
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as further mesh refinement changed the peak von Mises 
stress by less than 5% (Table 6).

 	• Tensile stress in underlying dentine fell by 42%,
 	• Cement interfacial shear nodes > 25 MPa shrank 

from 29% to 12%.
 	• Tip displacement (250 N): 11.8 → 9.1 μm (− 23%), 

indicating a stiffer, better-integrated assembly.

Stress maps revealed a broader, coronally shifted load-
sharing footprint in the MS geometry, corroborating the 
empirical improvements ( Figs. 19, 20, 21 and 22).

A quantitative trend-based comparison between the 
FEA and laboratory outcomes showed concordant find-
ings. The MS design reduced peak palatal-cervical von 
Mises stress by 40% compared with CF, which paralleled 
the 32% increase in post-fatigue fracture resistance, the 
40% reduction in marginal gap values, and the lower pro-
portion of catastrophic failures observed experimentally. 
Although this does not represent direct point-by-point 
validation of the computational model, it supports the 
mechanical consistency between the stress-distribution 
pattern and the experimental performance outcomes.

Integrated performance profile
Across endpoints, MS outperformed CF: higher fatigue 
survival (28/30 vs. 16/30; log-rank χ²(1) = 9.01, P = 0.003), 
lower failure risk (RR = 0.14, 95% CI [0.04, 0.58]), greater 
post-fatigue fracture resistance (median 1,140 vs. 860 N; 
U = 238, P = 0.012), smaller marginal gaps (67 ± 14 vs. 
112 ± 21 μm; design effect P < 0.001), more restorable fail-
ures (83% vs. 37%; χ²(1) = 13.6, P < 0.001), and lower FEA 
stresses (250 vs. 415 MPa) (Table 7).

Discussion
The experimental design of the present investigation was 
intentionally layered to isolate the mechanical and bio-
logical consequences of a minimally invasive “Mini-skirt” 
preparation while maintaining strict parity in all other 
variables. The decision to bond monolithic generation-5 
(4-Y) zirconia restorations to both preparation designs 
eliminated the veneer chipping seen in earlier bilayer 
systems and allowed the study to focus on structural fail-
ures originating at the crown–tooth interface rather than 
within a veneering ceramic [22, 28, 29]. 

The MS preparation demonstrated a more favorable 
mechanical response than the conventional full-coverage 
design after thermo-mechanical aging. Rather than sim-
ply delaying failure, the conservative geometry appeared 
to modify the pattern of stress transfer within the crown–
tooth complex, resulting in improved fatigue behavior, 
greater residual strength, tighter marginal adaptation, 
and a shift toward more restorable fracture patterns.

Finite-element analysis provided a mechanistic expla-
nation for these observations. Elevating the palatal fin-
ish line coronal to the cingulum appeared to broaden 

Table 5  Failure modes by group
Failure grade Mini-skirt (MS) Full-coverage (CF) χ² adjusted residual†
I 14 (46.7%) 6 (20.0%) + 2.1

II 8 (26.7%) 3 (10.0%) + 1.2

III 3 (10.0%) 2 ( 6.7%) + 0.3

Restorable (I–III) 25 (83.3%) 11 (36.7%)

IV 5 (16.7%) 19 (63.3%) –3.6
✧ Grades I–IV per the modified restorability scheme in the protocol. † Positive residuals indicate over-representation in MS; negative values indicate over-
representation in CF

Fig. 14  Silicone replica technique: light-body and heavy-body polyvinyl 
siloxane layers used to reproduce the crown–tooth interface for marginal 
gap analysis
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the load-bearing area and shift stress away from the 
vulnerable palatal-cervical region. This supports the 
interpretation that preservation of cervical enamel and 
modification of palatal geometry may reduce localized 
tensile and shear stresses at the adhesive interface. How-
ever, these computational findings should be interpreted 
as supportive approximations rather than direct clinical 
validation [30, 31] [32, 33]. 

When these findings are situated within the broader lit-
erature on partial-coverage restorations, a coherent nar-
rative emerges. Vertical or no margin protocols such as 
the biologically oriented preparation technique in mono-
lithic zirconia have reported marginal gaps in the 50 
μm range and fatigue survival above 85%, values closely 
tracking the performance of the MS design [34, 35]. 

Partial coverage onlays and vonlays fabricated from high-
strength lithium disilicate similarly benefit from enamel 
level bonding and exhibit repair friendly fracture patterns 
[4]. The present study extends those observations by 
showing that deliberate axial reduction of only 0.4 mm, 
combined with a coronally displaced palatal finish, yields 
mechanical benefits that match or exceed those achieved 
by more aggressive circumferential design, without com-
promising aesthetics or retention.

The clinical ramifications of these results are multi-
faceted. A preparation that preserves cervical enamel 
simplifies adhesive protocols by permitting selective 
etching and reduces the need for aggressive isolation 
techniques [36]. By positioning the margin well clear of 
the sulcus, the design also facilitates cement removal and 

Fig. 16  Bar chart showing number of restorable fractures in each group

 

Fig. 15  Bar chart showing mode of failure in each group
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minimizes postoperative periodontal inflammation, a 
concern frequently voiced with CF design [16, 37]. From 
a conservative dentistry perspective, the predominance 
of restorable failure patterns observed in the MS group 
may support repair-oriented management strategies; 
however, any cost-related or sustainability-related ben-
efits remain hypothetical and require direct clinical and 
life-cycle evaluation.

Several methodological limitations, however, tem-
per the extrapolation of the current data to daily prac-
tice. Therefore, the findings should be interpreted as 
controlled preclinical evidence of thermo-mechanical 
behavior rather than direct proof of long-term clinical 
superiority. The in vitro model cannot replicate the enzy-
matic degradation of resin cement or the pH fluctuations 
of the oral environment, nor does it incorporate lateral 

Table 6  FEA metrics by preparation design
Metric MS CF Reduction
Peak von Mises at palatal cervical (MPa) 250 415 –40%

Max principal tensile stress in dentine (MPa) 41 71 –42%

Cement interfacial shear > 25 MPa (% nodes) 12% 29% –59%

Crown tip displacement (µm) under 250 N 9.1 11.8 –23%

Fig. 18  Grade I fracture of MS preparation design

 

Fig. 17  failure: catastrophic palatal root fracture extending 
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Fig. 20  Finite-element von Mises stress distribution in the prepared tooth and root of the conventional full-coverage (CF) model under a 250 N oblique 
palatal load applied at 45°. The color scale represents stress values in MPa. Higher stress concentration is observed in the palatal-cervical region and root 
area

 

Fig. 19  Finite-element von Mises stress distribution in the conventional full-coverage (CF) model under a 250 N oblique palatal load applied at 45°. The 
color scale represents stress values in MPa. High stress concentration is observed at the palatal-cervical region of the zirconia crown
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Fig. 22  Finite-element von Mises stress distribution in the prepared tooth and root of the Mini-skirt (MS) model under a 250 N oblique palatal load ap-
plied at 45°. The color scale represents stress values in MPa. Compared with the CF model, the MS preparation shows reduced palatal-cervical stress and 
a broader coronal stress distribution

 

Fig. 21  Finite-element von Mises stress distribution in the Mini-skirt (MS) model under a 250 N oblique palatal load applied at 45°. The color scale repre-
sents stress values in MPa. Compared with the CF model, the MS design shows reduced palatal-cervical stress and a broader, more coronally distributed 
load-sharing pattern
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or protrusive functional patterns that may impose dif-
ferent stress vectors on anterior teeth [38, 39]. The use 
of 4Y zirconia limits direct inference to higher translu-
cency but lower strength multi-layered systems, while 
the single-tooth model does not capture the splinting 
effects occasionally employed in clinical full-arch reha-
bilitations. Finally, although 1.7 million loading cycles 
represent an accepted surrogate for early clinical service, 
long-term trials beyond the decade mark remain essen-
tial to verify that the early mechanical and biological 
advantages translate into sustained superiority. In addi-
tion, the in vitro design cannot fully replicate the biologi-
cal and functional complexity of the oral environment, 
including saliva, thermal variation over longer periods, 
patient-specific occlusal habits, masticatory variability, 
and periodontal/adaptive tissue responses. Therefore, 
the findings should be interpreted as controlled preclini-
cal evidence of thermo-mechanical behavior rather than 
direct proof of long-term clinical superiority.

Future work should therefore expand the conservative-
margin paradigm to newer translucent zirconia with 
reduced flexural strength, and to hybrid ceramics whose 
fracture modes differ from dense zirconia. In vivo stud-
ies tracking periodontal indices, marginal staining, and 
patient-reported outcomes will complement the purely 
mechanical data and provide a holistic appraisal of the 
technique’s merits. Parametric finite-element stud-
ies varying skirt height and thickness could establish 
a design envelope that balances rigidity with masking 
capacity, and novel bio-adhesive cements with lower 
elastic modulus deserve exploration as they may further 
attenuate interface shear.

In summary, the combined findings from mechani-
cal testing, marginal analysis, failure-mode profiling and 
finite-element simulation consistently favors the MS 
preparation, revealing higher fatigue survival, greater 
residual strength, tighter margins and a far more repa-
rable fracture pattern than its CF counterpart. These 
findings validate the mechanistic premise that preserving 
cervical enamel and displacing the palatal finish line cor-
onally redistributes stress away from the vulnerable cer-
vical collar and moderates interfacial shear. Within the 
methodological limits of this in vitro model, the findings 
support the working hypothesis that the conservative MS 

design provides favorable thermo-mechanical perfor-
mance compared with conventional CF preparations for 
generation-5 zirconia crowns.

Conclusions
Within the limitations of this in vitro study, the following 
could be concluded:

 	• The conservative Mini-skirt (MS) preparation 
demonstrated favorable biomechanical behavior 
compared with the conventional full-coverage (CF) 
preparation for anterior zirconia crowns under 
simulated thermo-mechanical loading.

 	• Preserving cervical enamel and relocating the palatal 
finish line appeared to improve stress distribution, 
marginal integrity, and failure-mode restorability 
within the tested laboratory conditions.

 	• Although these findings provide a biomechanical 
rationale for the MS design, long-term clinical 
studies are still required before routine clinical 
adoption can be recommended.
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