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Dental laminate restoration requires strict thickness control, enamel preservation,

ﬁe@iv(eld f(l) ?/Iay ;g;g and facial aesthetic harmony, yet conventional CAD workflows remain operator-
CVISC une . . . .
Accepted 15 June 2026 depéndent aTld tlme-consurplng. This study' propf)ses an 'Al-ban:d automatic
laminate design system that integrates three-dimensional facial and intraoral scan
data through facial-oral registration and generates laminate designs under explicit
Keywords: aesthetic and physical constraints. The framework includes facial-oral landmark
Dental la.lmmat'e detection, PCA-based initial alignment, point-to-plane ICP refinement, automatic
Automatic .deSlgn extraction of eight key aesthetic parameters, a constraint-aware autoregressive
Deep le.amlr.lg transformer decoder for laminate mesh generation, NSGA-II-based multi-
3D registration objective optimization, and FACS-based dynamic facial expression simulation.
Pareto optimization Results showed a reduction in design time from over 30 min to 3-5 min, a
Aesthetic parameters registration error of 0.18+0.06 mm, 98% fulfillment of thickness constraints, an
aesthetic score of 8.7/10, and a 97% occlusal interference-free rate. The system
improves efficiency and consistency while supporting clinically meaningful
aesthetic decision-making in aesthetic restorative dentistry.
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Fig. 1 Proposed system architecture for Al-based laminate design
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Facial Scan

Intraoral Scan

Raw 3D inputs Automatic landmark detection

MSE 0.18 * 0.06 mm

X @

ARARAA

Integrated model

PCA-based initial alignment Refinement by Point-to-Plane ICP

Fig. 2 Facial-oral hybrid registration process: (a) raw input scans,
(b) automatic landmark detection, (¢) PCA-based initial
alignment, and (d) point-to-plane ICP refinement
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Reference line and plane
generation Parameter computation
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Fig. 3 Flowchart of aesthetic parameter extraction from the
integrated facial-oral model

Table 1 Definition and tolerance of eight aesthetic parameters

. Tolerance /
ID Aesthetic Definition Measure.rnent / Acceptable
parameter Unit
range
Deviation .
Midline between facial Distance and
P1 . L angular < 2-3 mm
coincidence midline and -
e deviation
dental midline
Angular deviation
Interpupillary between
P2 line interpupillary line| Angle (°) < 10-15°
parallelism | and incisal edge
line
. Harmony between
L
P3 b eurve lip curvature and Cma@e N/R
harmony comparison
tooth arrangement
Relationship
Smile line |between upper lip| Curvature Within
P4 . .
curvature |curve and incisal| difference (°) 5-10°
edge curve
. Height fl .
Gingival .elg.h or area © Height / Area
P5 displa gingival exposure (mm) < 2-3 mm
pay during smiling
oy | Vi
P6 vwdth-to.—he1ght individual tooth Geometric ratio| 0.75-0.80
ratio
crown
Adjacent Relative width RED
P7 | Tooth Width | ratio between | Ratio analysis | proportion
Ratio adjacent teeth compliant
Facial Ratio between
P8 dental overall fa.01.al size Quantlﬁed NR
roportion and visible proportion
Prop dental size
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Registered Aesthetic
Facial-Oral Vector
3D Input (P1-PY)
Feature Embedding
Layer
(geometry~+context)
Aurtoregressive Optimization
TranSormer Decoder X objectives :
(vertex/face/normal Aesthefic
px'ediéﬁon) Score(AS)
Constraint Layer Structure
- Min thickness = 0.3mm Stability(SS)
- Max thickness = 1.5mm i’
- Enanel reduction < 05mm Peiiak
- SDF collision check Preference(PP)

v

| Laminate Mesh Ouput |

Fig. 4 Four-layer neural network architecture of the constraint
-aware Al generative model
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Table 2 Constraint specifications of the constraint-aware Al

model
Cons.tral.nt / Criterion Target value | Applied Chnlf:al
Objective / Range stage meaning
. Constraint Prevents
Minimum .
. . layer during |fracture due to
laminate tmin = 0.3 mm .
. mesh excessively
thickness . . .
generation | thin regions
. Constraint
Maximum ONSTA | prevents over-
. layer during .
laminate tmax < 1.5 mm mesh contouring and
thickness . excessive bulk
generation
Enamel G.eome.try S.uppotts
. verification /| minimally
preservation | dprep < 0.5 mm . . .
Preparation invasive
depth
control treatment
SDF- - .
0 mm POSt, Avoids contact
Occlusal based | . generation | . .
. L interference L with opposing
interference | collision referred collision teeth
check P filtering
Aesthetic P1-P8 | Maximized | Generation |Improves facial
parameter based within + and smile
compliance | score tolerance |optimization| harmony
Structural Multi- Preserves
o SS Maximized | objective functional
stability R .
optimization stability
Patient Multi Reflects
eference PP Maximized | -objective | individualized
P optimization | design choice
. Supports
Number of |Pareto-opt| - 3-10 NSGA-II | clinician
candidate imal candidates .
. . output decision-
designs | solutions | (mean 5.8) .
making
Herg wEsi
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Feasible Solutions
— = Pareto Front
@ Pareto-Optimal Candidates

s

Structural Stability Score
o

7.0 7.5 8.5 9.0

Aesthetic Score
Fig. 5 Pareto front diagram (aesthetic score vs. structural stability
score)

5.0 5.5 6.0 6.5 8.0

—— Candidate 1 (Aesthetic-focused)
= Candidate 2 (Stability-focused)
~—— Candidate 3 (Balanced)

Candidate Comparison
(Radar Chart)
Pulp
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Crown
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Symmetry
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Fig. 6 Radar chart comparison of Pareto-optimal candidates
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Table 3 Comparison of RMSE and processing time by registration

method
Registration | RMSE | Standard |Processing| Accuracy
method (mm) | deviation | time (s) | improvement
Manual
landmark 0.42 +0.15 >300 Baseline
registration
ICP only 0.35 +0.12 45 17.70%
+

PCA + ICP 0.18 +0.06 12 57.10%

(proposed)

ColorICP 14 15 | 40,05 18 64.30%

(alternative)
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Table 4 Performance comparison of laminate generation methods

Desi chjrllzlt::rsli Aesthetic|No occlusal| Patient
Method timfn satisfaction score |interference | satisfaction
10 te (¢ 10
e 0y | (10| me C6) | (10)
Manual 30+
CAD min 78 7.2 72 6.8
Library | ¢ in| 85 6.8 80 6.5
modification
Diftusion
-based 5 min 82 7.5 78 7
generation
GAN-based |\ o1 g0 7.3 75 6.9
generation
P; 3-5
roposed | - 3- 98 8.7 97 8.5
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