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A B S T R A C T

Objectives: To evaluate and compare the trueness and retention of laminate veneers (LVs) fabricated using four 
different CAD-CAM material-process combinations, including both additive (AM) and subtractive (SM) 
manufacturing techniques.
Methods: An in vitro study was conducted using a standardized maxillary central incisor preparation. Eighty LVs 
were fabricated (n=20/group) from: AM resin composite (AM-RC), AM zirconia (AM-Z), SM advanced lithium 
disilicate (SM-LDS), and SM zirconia (SM-Z). Trueness was assessed using root mean square (RMS) deviation 
values and color map visualization. Retention was tested after thermomechanical aging. One-way ANOVA and 
Tukey’s HSD test were used for statistical analysis (α=0.05).
Results: There were significant differences in trueness and retention among groups (p<0.005). AM-RC showed the 
highest RMS values (e.g., internal: 38.32 ±2.2 µm) and the lowest retention (689.85 ±30.81 N). No significant 
differences in trueness or retention were found between SM-Z (internal: 30.12 ±2.4 µm; 782.10 ±34.12 N), SM- 
LDS (internal: 31.85 ±2.3 µm; 801.90 ±39.43 N), and AM-Z (internal: 32.45 ±2.5 µm; 799.45 ±33.83 N).
Conclusions: The material type and manufacturing method significantly influenced the adaptation and retention 
of LVs. AM-Z, SM-Z, and SM-LDS demonstrated comparable and clinically acceptable outcomes, while AM-RC 
showed inferior trueness and retention.
Clinical Relevance: Subtractive lithium disilicate and zirconia, as well as high-performance additive zirconia, 
exhibited clinically acceptable adaptation and retention, supporting their use in definitive laminate veneers. In 
contrast, printed resin composite showed inferior performance and should be limited to provisional applications.

1. Introduction

Laminate veneers (LVs) are widely used in restorative dentistry due 
to their minimally invasive approach and esthetic potential in address
ing issues such as discoloration, minor fractures, malposition, or wear in 
anterior teeth [1,2]. A range of materials has been employed in their 
fabrication, including feldspathic porcelain, leucite-reinforced ceramics, 

lithium disilicate (LDS), resin composites, and zirconia [3]. Each ma
terial presents distinct advantages and limitations in terms of optical, 
mechanical, and adhesive properties, which can influence clinical out
comes [4].

The introduction of computer-aided design and manufacturing 
(CAD-CAM) technologies has revolutionized dental prosthetics and 
materials, offering both subtractive manufacturing (SM) and 3D- 
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printing or additive manufacturing (AM) workflows [5–12]. SM is well 
established, delivering consistent precision, particularly when using LDS 
or zirconia ceramics [13,14]. However, it involves significant material 
waste and tool wear and may face limitations in fabricating restorations 
with very thin geometries due to the dimensions and constraints of 
milling burs [10,11,15]. AM has emerged as an alternative that enables 
efficient material usage, minimal wastage, and greater design freedom, 
particularly for fabricating restorations with complex geometries and 
thinner thicknesses without the risk of micro-sized cracks [5,10,11,16]. 
However, AM methods are still under evaluation due to potential con
cerns regarding dimensional accuracy, material uniformity, and 
long-term clinical performance [17].

In the context of CAD-CAM materials, LDS is commonly preferred for 
SM workflows due to its high flexural strength, translucency, and 
favorable aesthetic outcomes [18]. Due to its brittleness, LDS is milled in 
a partially crystallized “blue” stage to facilitate machining; however, the 
process can introduce surface and subsurface defects, such as chipping 
and microcracks, which may persist after crystallization but can be 
partially reduced through polishing, extended heat treatment, or adhe
sive luting [19]. Among the newly developed materials enabled by ad
vances in CAD-CAM technology is the SM advanced LDS ceramic. This 
material exhibits reduced crystallization time and enhanced mechanical 
strength compared to conventional LDS, owing to its zirconia-reinforced 
crystal phase and optimized microstructure [20]. On the other hand, AM 
workflows have led to the introduction of printable resin-based mate
rials, such as urethane acrylate, resin composites, and ceramic-filled 
hybrid resin composites, as well as ceramic suspensions such as 3 mol 
% yttria-stabilized tetragonal zirconia polycrystals (3Y-TZP) [5,9–11]. 
Lithography-based ceramic manufacturing (LCM), a high-precision AM 
technique that uses a specialized slurry, which is a mixture of ceramic 
powder suspended in a photosensitive resin matrix [9,11,12,21], 
enabling the fabrication of ceramic restorations with fine thicknesses 
[22], high accuracy and good tensile bond strength [9,11,12]. Never
theless, it requires careful post-processing, including debinding and 
sintering, which may introduce dimensional changes [17,23]. In addi
tion, resin-based LVs are considered a viable alternative to SM resin 
composite veneers, with reported outcomes of similar or higher trueness 
and a lower risk of caries progression [10,24].

Achieving optimal outcomes in LVs hinges on various factors, 
including durability, fabrication accuracy, marginal and internal fit, 
mechanical and bonding strength, esthetics, and color stability [3,
25–28]. Despite the increasing use of both technologies, limited evi
dence is available comparing the performance of LVs fabricated through 
AM versus SM methods. Most existing research has focused on complete 
crowns [6,7,12,29–46] or indirect partial restorations [5,47,48], with 
little emphasis on the thin, aesthetically critical LVs [5,10,49–51]. 
Considering the thinner geometry of veneers and their dependency on 
internal and marginal adaptation for bonding success and longevity, 
understanding how different fabrication methods and materials affect 
trueness and retention is essential.

Given the current lack of comparative data on AM and SM fabrication 
techniques for LVs, particularly involving advanced materials, the pre
sent study aimed to evaluate and compare the trueness and retention of 
LVs fabricated using four different material-process combinations: AM 
resin composite, AM zirconia, SM lithium disilicate, and SM zirconia. 
The null hypothesis was that there would be no significant differences in 
fabrication trueness or retention among LVs fabricated using different 
materials and manufacturing techniques.

2. Materials and methods

This was an in vitro study; no human or biological samples were 
used, and ethical approval was not required. A laminate veneer prepa
ration was performed on a maxillary right central incisor tooth from an 
operative jaw model (Nissin Dental Products Inc., Kyoto, Japan). Tooth 
preparation was standardized by uniformly reducing 0.7 mm from the 

labial surface, 1.0 mm from the proximal surfaces, and 1.5 mm from the 
incisal edge. A chamfer finish line was prepared on the gingival and 
proximal surfaces, and a butt joint configuration was used at the incisal 
edge. The tooth was scanned using an intraoral scanner (TRIOS 3; 
3Shape A/S, Copenhagen, Denmark), and the data were exported in 
standard tessellation language (STL) format (MD-STL).

Eighty resin dies were fabricated from the MD-STL using a digital 
light processing (DLP) 3D printer (MAX UV; Asiga, Sydney, Australia) 
and photopolymerized resin (VeriModel OS Ivory; Whip Mix Corp., 
Louisville, KY, USA). The same MD-STL was used to design LVs in 
dedicated software (TRIOS Design Studio; 3Shape A/S), with a 25-µm 
cement space and a restoration thickness of 0.7 mm [52] (Figs. 1a-c). 
The resulting design file (RLV-STL) was used to fabricate 80 LVs (n = 20 
per group) from four different materials: (1) SM-RC, additively manu
factured glass filler-reinforced resin composite (Crowntec, VOCO 
GmbH, Cuxhaven, Germany); (2) AM-Z, additively manufactured 3 mol 
% yttria-stabilized zirconia (3Y-TZP, LithaCon 3Y 210; Lithoz GmbH, 
Vienna, Austria); (3) SM-LDS, subtractively manufactured advanced LDS 
(CEREC Tessera; Dentsply Sirona, Bensheim, Germany); and (4) SM-Z, 
subtractively manufactured translucent zirconia (Katana UTML; Kur
aray Noritake Dental Inc., Tokyo, Japan). The SM-LDS group, repre
senting a well-established clinical standard, was considered the 
reference group for comparative analyses [53].

For the AM-RC group, veneers were printed using a 50-µm layer 
thickness and vertical orientation with the same DLP printer. Post- 
processing involved ethanol cleaning using lint-free cloths (Ethanol 
Absolut; Dr. Grogg Chemie AG) [6,54], followed by 10 min of air drying, 
and post-polymerization with a xenon light-flash device (Otoflash G171; 
NK Optik GmbH, Baierbrunn, Germany), which delivered 2000 flashes 
per surface in a nitrogen gas atmosphere [6,7].

For the AM-Z group, lithography-based ceramic manufacturing 
(LCM) technology (CeraFab System S65 Medical; Lithoz GmbH) was 
employed. The RLV-STL was imported into the printer’s nesting soft
ware, and the parts were arranged in a vertical orientation with a layer 
thickness of 25 µm [33]. After printing, veneers were detached from the 
build platform, the support structures were removed, and then they were 
cleaned in a cleaning fluid (LithaSol 20; Lithoz GmbH) using the man
ufacturer’s dedicated cleaning system (CeraCleaning Station Ultra; 
Lithoz GmbH), then sintered in a high-temperature furnace (LHTCT 
08/16; Nabertherm GmbH, Lilienthal, Germany) following 
manufacturer-recommended thermal cycles [33].

SM groups were milled using a four-axis CAD-CAM milling unit 
(CEREC Primemill; Dentsply Sirona). Milled specimens were ultrasoni
cally cleaned in distilled water for 10 min (Eltrosonic Ultracleaner 
07–08; Eltrosonic GmbH, Dusseldorf, Germany) and dried. SM-LDS ve
neers underwent crystallization in a ceramic furnace (Programat CS4; 
Ivoclar Vivadent AG, Schaan, Liechtenstein) at a peak temperature of 
840 ◦C for 10 min, following the manufacturer’s instructions. All ve
neers, regardless of material or fabrication method, were cleaned with 
steam, air-dried, and polished using P400, P800, and P1200 silicon 
carbide abrasive papers (CarbiMet PSA; Buehler, Lake Bluff, IL, USA) 
under water cooling [55].

The fabricated LVs (Figs. 1d and 1e) were scanned again using the 
same intraoral scanner under controlled ambient conditions. The 
resulting STL files (TLV-STL) were analyzed using 3D inspection soft
ware (Geomagic Control X 2022.3; 3D Systems Inc., Rock Hill, SC, USA). 
The reference file (RLV-STL) was imported, segmented into internal, 
external, and marginal surfaces, and aligned with TLV-STLs using initial 
and best-fit alignments [11]. Root mean square (RMS) deviation values 
were calculated for each surface. A color map with nominal deviations of 
±100 µm and a tolerance of ±10 µm was generated to visualize dis
crepancies. Lower RMS values were interpreted as higher fabrication 
trueness, following ISO 5725–2 guidelines [56].

For retention testing, resin dies were treated according to each ma
terial’s bonding protocol. All dies were air-particle abraded with 50-µm 
aluminum oxide (Korox 50; Bego) at 0.2 MPa for 10 s and steam cleaned. 
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SM-LDS veneers were etched with 4 % hydrofluoric acid (IPS Ceramic 
Etching Gel; Ivoclar AG) for 20 s, rinsed for 10 s, air-dried, and treated 
with ceramic primer (Clearfil Ceramic Primer Plus; Kuraray Noritake) 
for 60 s. AM and SM zirconia and AM-RC veneers were also air-abraded 
and treated with the same ceramic primer for 60 s. All veneers were 

cemented onto the dies using dual-cure adhesive resin cement (Panavia 
V5; Kuraray Noritake) and light polymerized for 40 s (Bluephase; Ivoclar 
AG) at 950 mW/cm². A brass jig applied constant 2-N pressure for 10 
min during cementation [57]. Cemented specimens were stored in 
distilled water at 37 ◦C for 24 h.

Fig. 1. (a) Proximal reduction of 1.0 mm and the corresponding laminate veneer thickness in that area; (b) incisal reduction of 1.5 mm and the corresponding 
laminate veneer thickness; (c) labial reduction of 0.7 mm and the corresponding laminate veneer thickness; (d) fabricated specimens from each material group; and 
(e) specimens mounted on their corresponding resin dies. AM-RC: additively manufactured, glass filler-reinforced resin composite; AM-Z: additively manufactured 
zirconia (3 mol % yttria-stabilized tetragonal zirconia polycrystals); SM-LDS: subtractively manufactured, advanced lithium disilicate; SM-Z: subtractively manu
factured translucent zirconia.

Fig. 2. Graphical illustration of the experimental workflow showing: (a) thermomechanical aging of laminate veneers mounted on resin dies in a chewing simulator, 
simulating clinical function through cyclic mechanical loading and thermal cycling; and (b) retention (detachment) testing setup using the universal testing machine, 
illustrating the custom fixture design, perpendicular load application at the incisal margin, and direction of force during debonding.
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Thermomechanical aging was performed using a chewing simulator 
(CS-4.8; SD Mechatronik, Feldkirchen-Westerham, Germany) at 49 N 
load and 1.2 Hz frequency for five million cycles (Fig. 2a), simulating 
approximately 20 years of clinical function [58]. The simulator gener
ated horizontal and vertical displacements of 1 mm and 2 mm, respec
tively, to mimic masticatory movements. Thermal cycling was 
conducted in parallel, alternating between 5 ◦C and 55 ◦C water baths 
with 30-second dwell times and 10-second transfer times between baths, 
for a total of 54,825 cycles. After aging, the veneers were examined 
under a stereomicroscope (M420; Leica Microsystems, Wetzlar, Ger
many) for signs of failure. Specimens were then mounted on a universal 
testing machine (ZwickRoell; ZwickRoell AG, Ulm, Germany). A tensile 
pull-off load was applied axially along the path of insertion, contacting 
the incisal margin via a stainless-steel flat-ended indenter, at a crosshead 
speed of 1 mm/min until debonding occurred (Fig. 2b). The maximum 
load required to dislodge each veneer was recorded in newtons (N) using 
testXpert III software (ZwickRoell AG) [58]. Thermomechanical aging, 
thermocycling, and retention testing were performed sequentially on the 
same specimens to simulate cumulative intraoral conditions.

An a priori power analysis for one-way ANOVA (four groups, 
α=0.05, desired power=0.95) using an anticipated effect size of f =
0.623 indicated that a minimum of 12 specimens per group (48 total) 
was sufficient; therefore, 20 specimens per group (80 total) were 
included to enhance precision. Mean, standard deviation, and 95 % 
confidence interval (CI) values for RMS and retention were calculated. 
One-way ANOVA and Tukey’s HSD test were used to assess differences 
among groups, with significance set at α=0.05.

3. Results

One-way analysis of variance revealed statistically significant dif
ferences in fabrication trueness (Fig. 3) across all tested veneer materials 
for external, internal, and marginal surfaces (p < 0.005). Among the 
groups, the AM-RC veneers demonstrated the highest RMS deviation 
values (p ≤ 0.001) across all surfaces (external: 35.41 ± 2.7 µm; inter
nal: 38.32 ± 2.2 µm; marginal: 39.23 ± 2.03 µm), indicating the lowest 
trueness. In contrast, SM-Z veneers showed the lowest RMS values 
(external: 27.89 ± 2.0 µm; internal: 30.12 ± 2.4 µm; marginal: 27.63 ±
2.2 µm), although the difference was not statistically significant 
compared to SM-LDS (p = 0.174) (Table 1). No statistically significant 
difference was found between AM-Z and SM-LDS groups (p = 0.086).

The retention test also revealed significant differences among groups 
(p < 0.005). The AM-RC group exhibited the lowest retention force 
(689.85 ± 30.81 N), while SM-LDS and AM-Z showed higher but sta
tistically similar values (SM-LDS: 801.90 ± 39.43 N; AM-Z: 799.45 ±
33.83 N; p = 0.123). SM-Z demonstrated slightly lower retention values 
than SM-LDS and AM-Z; however, the difference was not statistically 
significant (p = 0.198) (Table 2). In all groups, veneer dislodgment 
occurred during testing without catastrophic failure, and no visible 
fractures were observed under microscopic examination.

4. Discussion

Significant differences in fabrication trueness were detected across 
all evaluated surfaces of the LVs. AM-RC specimens exhibited the lowest 
external, internal, and marginal trueness and generated the weakest 
retention, whereas AM-Z, SM-LDS, and SM-Z demonstrated comparable 
accuracy and retention. Mean RMS deviation across groups did not 
exceed 50 µm, values that fall below the accepted clinical threshold 
[59]. Debonding forces ranging from 689 to 801 N significantly exceed 
the clinically accepted 500–600 N threshold required for ceramic res
torations under functional loading [60–62]. Normal masticatory forces 
generally range from 200 to 540 N, with average values around 300 N, 
while parafunctional activities such as bruxism can generate peak forces 
up to 880 N [63,64]. Because manufacturing workflow and material 
composition produced statistically significant effects on both trueness 
and retention, the null hypothesis was rejected. The differences in 
trueness and retention can be explained by the intrinsic properties of the 
materials and the characteristics of the manufacturing techniques [17]. 
Subtractive milling of lithium disilicate and zirconia provides precise 
control and dimensional stability, resulting in high accuracy and 
retention. In contrast, additively manufactured resin composites showed 
greater deviations and lower retention, likely due to layer-by-layer 
polymerization and reduced mechanical stability [65,66]. Additively 
manufactured zirconia achieved comparable outcomes to subtractive 
groups, likely owing to optimized slurry-based lithography that im
proves dimensional accuracy [67].

Earlier investigations have reported substantial variability in the 
geometric accuracy of crowns, partial restorations, and veneers as a 
function of chemistry, build technology, and print parameters [5–7]. 
The inferior trueness observed for AM-RC may be explained by poly
merization shrinkage of its methacrylate matrix combined with voxel 

Fig. 3. Representative color map images showing deviation patterns on external, internal, and marginal surfaces of laminate veneers for each material group. Green 
indicates deviations within the tolerance range (±10 µm), red represents overcontour areas, and blue denotes undercontour areas (nominal deviation limits: ±100 
µm). AM-RC: additively manufactured, glass filler-reinforced resin composite; AM-Z: additively manufactured zirconia (3 mol % yttria-stabilized tetragonal zirconia 
polycrystals); SM-LDS: subtractively manufactured, advanced lithium disilicate; SM-Z: subtractively manufactured translucent zirconia.
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anisotropy at a 50 µm layer height, a phenomenon documented to cause 
dimensional inaccuracy, uneven surfaces, and component warpage in 
vat-photopolymerization resins [65]. Although AM-Z also undergoes 
binder photopolymerization, subsequent debinding and sintering 
densification are anticipated by software-controlled oversizing, yielding 
deviation patterns dominated by slight yellow or red over-contouring 
chiefly on intaglio surfaces. SM-LDS presented predominantly green 
and occasional yellow areas, whereas SM-Z exhibited the most homo
geneous green distribution, indicating the highest surface fidelity.

Trueness differences may also be attributed to disparities in layer 
thickness, particle distribution, and thermal behavior during processing 
[68]. AM‑RC, with its thicker layers and higher organic content, is more 
susceptible to cumulative polymerization distortion, especially at fine 
margins or internal line angles [69,70]. In contrast, the fine-layer 
deposition used in AM‑Z and the subtractive precision of SM‑LDS and 
SM‑Z allow for more accurate reproduction of complex anatomical de
tails [17,33,51]. In LCM, the interplay of ceramic particle sedimenta
tion, binder stability, and photopolymerization kinetics can affect 
green-state fidelity [71]. However, systematic oversizing and 
well-characterized sintering shrinkage curves could help compensate for 
these volumetric changes, particularly in AM‑Z and SM‑Z workflows 
[72]. Notably, SM‑Z demonstrated exceptional consistency in surface 
geometry, a feature that may reflect both the intrinsic material 

homogeneity and the stability of the partially sintered pre-milled blanks 
used.

Findings concur with reports that inferior intaglio trueness com
promises internal adaptation and may necessitate thicker cement layers 
prone to leakage and debonding [6,7]. However, published data on 
AM-RC remain contradictory: Molinero-Mourelle et al [6]. and Yılmaz et 
al [10]. documented superior accuracy for printed composites, likely 
attributable to differing resin formulations, preparation geometries, and 
build orientations. Anh et al [49]. likewise demonstrated that 
manufacturing technique influenced marginal adaptation when 
comparing milled and printed ceramic veneers. Orientation of support 
struts, resin viscosity, and post-processing protocols collectively influ
ence geometric fidelity [73,74]. Supports placed at the incisal edge may 
induce warpage once detached, particularly in low-strength green 
bodies such as AM-RC [17]. Steam cleaning and silicon-carbide polish
ing might equalize minor asperities, potentially narrowing inter-group 
differences.

The distribution of retention followed a similar trend to trueness, 
with AM‑RC presenting the lowest values. This observation can be 
attributed to its compromised intaglio accuracy, which results in non- 
uniform and excessively thick cement layers that may reduce micro
mechanical interlocking and increase the likelihood of cohesive failure 
within the luting agent [75]. Conversely, AM‑Z, SM‑LDS, and SM‑Z 
demonstrated comparable retention, consistent with established 
bonding mechanisms for their respective material classes. This aligns 
with prior findings where bonding efficiency was highly dependent on 
material and surface preparation [76,77]. For zirconia-based materials, 
sandblasting followed by the application of MDP-containing primers 
facilitated a durable chemical interaction with the zirconia’s oxide layer 
[78]. For LDS, hydrofluoric acid etching and silane coupling provided a 
stable and retentive interface through siloxane bonding [79]. These 
bonding protocols, supported by manufacturer recommendations and 
previous studies [11,77,80], contributed to consistent adhesion perfor
mance in the ceramic groups, even after thermomechanical loading. 
While all materials exceeded the average clinically relevant threshold of 
300 N for retention [60,81], the reduced performance of AM‑RC sug
gests its polymer matrix and limited bonding capacity under thermal 
and mechanical stress may still compromise long-term durability.

The present investigation provides one of the first comparative 
evaluations of laminate veneers fabricated using both additive and 
subtractive CAD-CAM workflows across four distinct material-process 
combinations (AM-RC, AM-Z, SM-LDS, and SM-Z) under standardized 
conditions. While previous studies have primarily focused on complete 
crowns or partial coverage restorations [47,48,82], limited evidence 
exists regarding laminate veneers, especially when evaluating different 
CAD-CAM technologies and material categories simultaneously. Addi
tionally, most studies involving laminate veneers have focused on 
resin-based materials [10,52,83,84], whereas the current study in
tegrates a broader range of materials, including zirconia and lithium 

Table 1 
Root mean square (RMS) deviation values (µm) of laminate veneers for each material group across external, internal, and marginal surfaces.

Groups (n = 20) External Internal Marginal

(Mean ±SD) [95 % CI] (Mean ±SD) [95 % CI] (Mean ±SD) [95 % CI]

AM-RC 
(n = 20)

35.41 ± 2.7b [34.15–36.67] 38.32 ± 2.2b [37.29–39.35] 39.23 ± 2.03b [38.28–40.18]

AM-Z 
(n = 20)

29.32 ± 2.2a [28.29–30.35] 33.41 ± 2.3a [32.33–34.49] 28.81 ± 2.1a [27.83–29.79]

SM-LDS 
(n = 20)

28.01 ± 1.9a [27.10–28.92] 29.32 ± 2.9a [28.00–30.64] 29.99 ± 2.5a [28.84–31.14]

SM-LDS 
(n = 20)

27.89 ± 2.0ᵃ [26.94–28.84] 30.12 ± 2.4ᵃ [29.02–31.22] 27.63 ± 2.2ᵃ [26.60–28.66]

Values are presented as mean ±standard deviation. Lower RMS values correspond to higher fabrication trueness. AM-RC: additively manufactured, glass filler- 
reinforced resin composite; AM-Z: additively manufactured zirconia (3 mol % yttria-stabilized tetragonal zirconia polycrystals); SM-LDS: subtractively manufac
tured, advanced lithium disilicate; SM-Z: subtractively manufactured translucent zirconia; SD: standard deviation; CI: confidence interval. Different superscript 
lowercase letters indicate statistically significant differences between surface regions within the same material group (p < 0.05).

Table 2 
Mean retention forces (N) of laminate veneers fabricated using different CAD- 
CAM materials and techniques.

Group Mean ±SD SE 95 % CI for mean Minimum Maximum

Lower Upper

AM-RC 
(n =
20)

689.85 ±
30.812a

3.536 682.95 695.75 644 735

AM-Z 
(n =
20)

799.45 ±
33.834b

2.646 791.91 806.99 748 851

SM-LDS 
(n =
20)

801.90 ±
39.430b

2.780 795.08 807.72 743 861

SM-Z 
(n =
20)

720.52 ±
40.745b

2.934 712.12 730.76 659 782

Values are presented as mean ±standard deviation (SD). Retention was 
measured as the maximum load (in newtons) required to debond each veneer 
after thermomechanical aging. AM-RC: additively manufactured, glass filler- 
reinforced resin composite; AM-Z: additively manufactured zirconia (3 mol % 
yttria-stabilized tetragonal zirconia polycrystals); SM-LDS: subtractively manu
factured, advanced lithium disilicate; SM-Z: subtractively manufactured trans
lucent zirconia; SD: standard deviation; SE: standard error; CI: confidence 
interval. Different superscript lowercase letters indicate statistically significant 
differences between groups for the same test parameter (p < 0.05).
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disilicate. By combining RMS deviation analysis, detailed color map
ping, and retention testing after long-term thermomechanical aging, this 
work establishes a comprehensive methodological framework that 
contributes to a better understanding of how manufacturing workflows 
and material selection affect the adaptation and retention of laminate 
veneers. In this study, a one-way ANOVA with Tukey’s HSD post hoc test 
was used because the four groups represented predefined combinations 
of restorative material and manufacturing technique, analyzed as a 
single independent factor. A two-way ANOVA would have required 
evaluating material type and manufacturing technique as separate, in
dependent variables with potential interaction effects, which was not 
applicable to the present study design.

All tested materials satisfied established criteria for surface accuracy 
(<50 µm) and debonding resistance (>300 N), indicating that AM-Z, 
SM-LDS, and SM-Z are suitable options for definitive veneers. The 
favorable performance of AM-Z supports integrating lithography-based 
ceramic manufacturing into chairside workflows, combining additive 
precision with reduced material waste. From a clinical perspective, 
material selection may also depend on cost, workflow efficiency, and 
accessibility. Subtractive lithium disilicate and zirconia are widely 
available and deliver predictable results but involve higher equipment 
costs and greater material waste. Additive zirconia achieves comparable 
accuracy with less waste but remains less accessible due to limited 
clinical adoption and higher system costs. Printed resin composites, 
while faster and more cost-effective, are currently better suited for 
provisional or low-stress indications until further advances. Future im
provements may include optimizing the filler-to-resin ratio, enhancing 
the photopolymer chemistry to reduce volumetric shrinkage, increasing 
printing resolution, and refining post-processing protocols to improve 
interlayer fusion and minimize residual stresses, potentially leading to 
better adaptation and bonding performance.

In clinical scenarios with a normal stump shade and high esthetic 
demands, subtractively manufactured lithium disilicate veneers may be 
an appropriate choice. However, their inherent grayish undertone re
quires compensation through adequate restoration thickness and careful 
selection of resin cement shade to achieve optimal color outcomes. 
Conversely, in situations where the stump shade is darker and the pa
tient also presents with zirconia-based posterior restorations, zirconia 
laminate veneers are preferable to ensure esthetic harmony across 
anterior and posterior regions in terms of color, translucency, and sur
face texture. These veneers can be fabricated either additively or sub
tractively, depending on clinical availability, workflow efficiency, and 
cost. In such cases, an advantageous preliminary step is the fabrication 
of additively manufactured resin composite veneers to serve as try-in 
restorations. This strategy avoids intraoral adjustments to definitive 
zirconia veneers at delivery, preserving their structural integrity and 
phase stability, while allowing the patient to preview the final esthetic 
outcome. Additionally, these AM resin veneers can function as provi
sional restorations, maintaining peri‑gingival health and minimizing 
inflammation prior to definitive cementation. The high reproducibility 
of AM workflows further ensures that these provisional restorations are 
accurate replicas of the final design, thereby enhancing both clinical 
predictability and patient satisfaction. Looking forward, the ideal evo
lution of additive workflows will depend on two main fronts: (1) for AM 
resin composites, minimizing polymerization shrinkage, improving filler 
distribution, and developing more dimensionally stable photopolymer 
systems to enable their use in definitive veneers; and (2) for AM zirconia, 
refining slurry homogeneity, sintering protocols, and oversizing algo
rithms to achieve even greater accuracy, translucency, and mechanical 
reliability. In addition to these mechanical and structural advances, 
esthetic improvements are also crucial, including enhanced shade 
reproducibility, wider color availability, increased translucency gradi
ents, and the possibility of multilayer or polychromatic printing to 
replicate natural tooth structures. Ultimately, what both clinicians and 
technicians seek is a digital workflow that allows the seamless fabrica
tion of definitive veneers with maximum accuracy, reproducibility, 

esthetic integration, minimal material waste, and chairside effi
ciency—bringing additive manufacturing closer to becoming a routine 
option in daily prosthodontic practice.

A major limitation of this study is the use of standardized resin dies 
as bonding substrates. While this approach minimized variability and 
allowed for better standardization of preparation geometry, resin does 
not replicate the adhesive and biomechanical properties of natural 
enamel and dentin; hence, the results must be interpreted with caution. 
Furthermore, only a single preparation geometry, veneer thickness, and 
adhesive system were tested, and artificial aging was restricted to 
thermo-mechanical cycling. Future studies should include natural tooth 
substrates, varied preparation designs, alternative bonding protocols, 
and extended water storage.

5. Conclusions

Within the limitations of this in vitro study: 

1. The restorative material and manufacturing technique significantly 
influenced the trueness and retention of laminate veneers.

2. Additively manufactured glass-filled resin composite veneers 
exhibited the highest surface deviations and the lowest bonding 
performance, suggesting their current use may be better suited for 
provisional or low-stress situations until further material and process 
optimizations are achieved.

3. Subtractively manufactured zirconia, subtractively manufactured 
lithium disilicate, and additively manufactured zirconia demon
strated comparable trueness and retention, supporting their suit
ability for definitive laminate veneers.
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