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Highlights

What are the main findings?

o  Three-dimensionally printed zirconia achieves clinically acceptable strength, which
justifies clinical use.

e  Milled zirconia shows greater accuracy and reliability.

e  Printing orientation influences flexural strength outcomes.

e  Surface glazing reduces roughness in both materials.

What are the implications of the main finding?

e  Three-dimensional printing can complement milling in dental restorations.
e  Proper surface treatment enhances bonding performance.
e Additive methods suit complex shapes with less material waste.

Abstract

The field of dental restorations continues to demand durable prosthetic materials with a fo-
cus on esthetic appeal. This systematic review and meta-analysis compared the mechanical
properties and bonding performance of computer-aided design (CAD)/computer-aided
manufacturing (CAM)-milled and three-dimensionally (3D) printed zirconia fixed dental
prostheses. A systematic search of major databases identified 15 eligible recent in vitro stud-
ies. Random-effects meta-analyses (based on standard mean deviation) and heterogeneity
(I?) and sensitivity analyses were performed. The meta-analysis showed no significant
differences between the groups in flexural strength, hardness, density, bond strength, and
fracture toughness. However, heterogeneity remained high, reflecting possible differences
in the build orientation, additive manufacturing technique, and sintering protocols. A
qualitative analysis of the literature also revealed that milled zirconia was generally asso-
ciated with greater consistency in strength, hardness, and accuracy. Three-dimensionally
printed zirconia, while more variable due to porosity and processing factors, frequently
reached clinically acceptable values, with certain orientations achieving flexural and bond-
ing strengths equal to or surpassing those of milled zirconia. Both fabrication methods
benefited from surface treatments, and artificial aging confirmed stability within functional
ranges. Overall, CAD/CAM-milled zirconia remains the benchmark for predictability;
however, advances in additive manufacturing suggest a growing potential for 3D-printed
zirconia in complex restorations.

Keywords: 3D printing; bonding strength; CAD/CAM,; fixed dental prostheses; flexural
strength; Vickers hardness; zirconia
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1. Introduction

In recent decades, the dental restorative field has shifted significantly from using
metal-ceramic systems to using multi-layered zirconia. Dental prosthetics, unlike other
prosthetics, focus on the esthetic finish without compromising the mechanical requirements.
Restorative systems have been largely dependent on ceramics, mainly due to the numerous
advantages that they provide. Ceramic dental prosthetics are durable, chemically stable,
and biocompatible and possess optical qualities comparable to those of real teeth [1,2].
However, a major disadvantage, which has been an inconvenience to patients, is the lack
of appealing esthetic features. The telltale opacity or slight grayish tone can be difficult
to ignore, which may explain why researchers have been so intent on finding alternatives
that combine strength with appearance [1]. Zirconia, in many respects, serves as a suitable
replacement for ceramic prosthetics. It offers mechanical toughness, while being compatible
biologically, and is also stable chemically and offers optimum optical characteristics, much
like dental ceramics [3,4]. That said, zirconia is not flawless; some clinicians note that it
can appear slightly opaque compared to glass ceramics, which may be important in highly
visible restorations. Lately, much of the attention has turned to yttria-stabilized zirconia
(YSZ), particularly for crowns and fixed dental prostheses. Yttria content determines
phase composition and properties: 3 mol% Y,O3 (3Y-TZP) is predominantly tetragonal
and high-strength, 5 mol% (5Y-PSZ) is tetragonal—-cubic (approximately 50:50) with greater
translucency but lower strength, and 7 mol% approaches fully cubic with further translu-
cency gains and strength trade-offs. YSZ has an impressive ability to withstand mechanical
pressures due to its high strength (800-1200 MPa). The high strength helps in resisting
any change in shape and size over time, which makes it suitable for posterior restorations,
which must withstand higher occlusal loads [5]. There are numerous different types of
dental zirconia, which leads to confusion about which type to choose for each restoration.
Many different types of zirconia can be employed in the fabrication process of dental
implants and fixtures. When mirror-polished, zirconia resists bacterial adhesion while
having an increased adhesive affinity toward soft tissues. This is an added advantage in
implant superstructures manufacturing, because it provides mechanical integrity while
maintaining the esthetic component of dental implants [6].

One of the main approaches to producing zirconia restorations is the computer-aided
design and computer-aided manufacturing (CAD/CAM) technology, especially through
subtractive manufacturing (SM) technologies (milling). The term “subtractive” is used
because the desired fixed dental prosthesis (FDPs) is fabricated by effectively “subtracting”
the material from a prefabricated zirconia block [3,7]. One study has highlighted that CAD-
CAM production systems offer many benefits in terms of high quality and precision for
fixed dental restorations [8]. The error range is minimal, and the prevalence of microgaps
is lower [9].

It is also worth noting that there have been rapid developments in three-dimensional
(3D) printing for the healthcare sector, especially the dental sector. When designing dental
restorations, it is important to keep in mind that there should be no compromise in the
mechanical and physical properties, biocompatibility, and cost-effectiveness [10]. It is
worth noting that 3D printing has carved out a place in dentistry, even extending to
manufacturing diagnostic casts, temporary crowns, implant guides, and night guards. More
recently, researchers have begun experimenting with the 3D printing of zirconia-based
dental prosthetics. The actual printing methods cover an extensive range: stereolithography
(SLA), selective laser sintering, fused deposition modeling, direct light processing (DLP),
selective laser melting, and even direct inkjet printing [7].

Although many reviews have analyzed zirconia as a dental restoration material, very
few have focused on the direct comparison between CAD/CAM-milled and 3D-printed
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zirconia. The issue also extends to the fact that many existing reviews overlook important
parameters, including the recent advancements in additive manufacturing (AM) and
bonding strength. The findings across many studies have also remained significantly
inconsistent. Therefore, a systematic review and meta-analysis on this topic can clarify
discrepancies (if any) and help determine whether 3D-printed zirconia can be a reliable
alternative to CAD/CAM-milled zirconia.

2. Materials and Methods
2.1. Study Selection and Criteria

Articles were selected and the entire study was conducted in accordance with the
Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines.

This systematic review was performed based on the following PICO question: In
patients (or in vitro models) receiving zirconia-based FDPs, does 3D-printed dental zir-
conia demonstrate different mechanical properties and bonding strength compared to
CAD/CAM-milled zirconia?

More specifically, the PICO stands for the following:

Population (P)

e Patients receiving fixed dental prostheses (crowns, FDPs, and implant-supported
restorations) fabricated using zirconia.

e  Extracted human teeth, standardized dental models, or laboratory-prepared specimens

of zirconia, keeping in mind that relevant bonding or mechanical data that complement
clinical findings are available.

Intervention (I)

e Different 3D printing techniques (e.g., SLA, DLP, and binder jetting) with zirconia-
based materials.

Comparison (C)
e CAD/CAM milling involving fabrication from pre-sintered zirconia blocks using SM.

Outcomes (O)
Mechanical Outcomes

O  Flexural strength.
O  Fracture toughness.

O  Hardness.
O  Density.
Bonding Strength

O  Shear bond strength.
O  Adhesion to resin cements or veneering ceramics.

2.2. Search Strategy

A systematic search was carried out across multiple databases, including PubMed,
Embase, Web of Science, Scopus, Cochrane Library, and Google Scholar (to capture gray
literature). In addition, a manual review of the Supplementary Sources was undertaken.

The search strategy was implemented by combining a wide range of terms such as
“zirconia,” “yttria-stabilized zirconia,” “zirconium oxide,” “Y-TZP,” “3Y-TZP,” “5Y-PSZ,”

“CAD/CAM,” “computer-aided design,” “computer-aided manufacturing,” “milling,”
“subtractive manufacturing,” “3D printing,” “additive manufacturing,” “rapid prototyp-
ing,” “stereolithography,” “digital light processing,” “selective laser sintering,” “mechani-



Materials 2025, 18,5112

40f24

cal properties,” “flexural strength,” “fracture toughness,” “hardness,” “Vickers hardness,”

” o

“bonding strength,” “adhesion,” “shear bond,” and “tensile bond.”
Commercial product names and clinical terminology relevant to ceramic processing
techniques and performance outcomes were also incorporated to broaden coverage and

minimize omissions.

2.3. Inclusion and Exclusion Criteria
2.3.1. Inclusion Criteria

Original research studies, conducted as in vitro lab studies, comparing CAD/CAM-
milled and 3D-printed /AM dental zirconia, were included. The present review included
all relevant reports that highlighted mechanical properties, including flexural strength,
fracture toughness, Vickers/Knoop hardness, elastic modulus, and Weibull modulus, or
even bonding/adhesion outcomes highlighting shear/bond strength to resin cements,
pull-off, and microtensile strength.

Research studies that focused on zirconia-based ceramics, especially yttria-stabilized
zirconia (3Y/4Y/5Y), were chosen. The language was restricted to English and English
translations. No filter was used for the publication data range. Studies that reported
sufficient data with numerical results (mean £ SD or median/IQR) or clear qualitative
comparisons were included. For meta-analysis candidates, the reporting of mean £ SD
values and sample size was required for inclusion.

2.3.2. Exclusion Criteria

Research studies that do not focus on comparing milled and 3D-printed zirconia (e.g.,
only one technique without a comparator) were explicitly excluded. Reports on different
materials (e.g., lithium disilicate and alumina) without zirconia data, case reports, edito-
rials, conference abstracts without usable data, and patents were not included. Similarly,
studies using non-dental zirconia compositions, where results are not applicable to dental
restorations, and studies that do not report the mechanical /bonding outcomes of interest
were excluded.

2.4. Risk-of-Bias Assessment

Risk-of-bias assessment was carried out on the selected articles to determine the
study quality. It was assessed using the Risk of Bias tool for Pre-Clinical Dental Material
Research (RoBDEMAT) tool [11] and the modified Consolidated Standards of Reporting
Trials (CONSORT) scale for in vitro dental materials [12].

The RoBDEMAT tool has four different domains with respect to the following types
of bias:

D1—Bias in planning and allocation.

D2—Bias in sample/specimen preparation.

D3—Bias in outcome assessment.

D4—Bias in data treatment and outcome reporting.

The four domains have a total of nine items, including control group, sample random-
ization, standardization, and statistical analysis. Articles were graded against each of the
nine key items as follows:

A—Adequately performed/reported.
I—Insufficiently performed/reported.
N—Not performed/reported.
NA—Not applicable.

The review also employed the modified CONSORT scale to assess each article against

14 different criteria. These included a structured summary of trial design, methods, results,
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and conclusions; scientific background and rationale; specific objectives; intervention;
outcomes; sample size determination; randomization sequence generation; allocation;
implementation; blinding; statistical methods; outcomes; limitations; funding; and trial
protocol registration. The studies were rated based on the number of criteria met.

2.5. Meta-Analysis and Publication Bias Assessment

Meta-analyses were performed using JASP software (version 0.95.1; JASP Team, Am-
sterdam, The Netherlands). The random-effect model was used to perform the meta-
analyses, and a forest plot was generated for each of the analyses. Moderator and sensitiv-
ity analyses were performed to understand the sources of heterogeneity in cases of high
heterogeneity among the studies. Additionally, a subgroup analysis was performed, where
deemed necessary. For assessing publication bias, a funnel plot was generated and visu-
ally analyzed, Egger’s test was performed, and Duval and Tweedie trim-and-fill analysis
was conducted.

3. Results
3.1. Study Selection

A total of 203 studies were identified initially through database searching. Among
them, 73 were duplicate entries; thus, 130 exclusive entries remained. A total of 111 studies
were excluded from the analyses based on the specified inclusion and exclusion criteria,
and 19 studies remained for assessment. Overall, four studies had to be excluded because
the full text was not accessible. Finally, 15 studies (all in vitro studies) were included for
the systematic review and meta-analysis. Figure 1 shows the screening and identification
process schematically (PRISMA flow diagram). Furthermore, the values of the various
parameters reported in these articles are presented in Table 1.

{ Identification of studies via databases J

—
Records removed before
5 screening:.
§ Records identified from: Elf,;:)"l;cate records removed; (i
% Databases (n = 203) - Records marked as ineligible
3 by automation tools (n = 0)
& Records removed for other
reasons (n = 0)
;
'
Records screened »| Records excluded
(n=130) (n=111)
Reports sought for retrieval ».| Reports not retrieved
2 (n=19) (n=4)
§
: !
@
Reports assessed for eligibility =
(n=15) i
Reports excluded
(n=0)
—
o y
3 Studies included in review
3 (n=15)
° Reports of included studies
£ (n=15)
—

Figure 1. A PRISMA flow diagram schematically explaining the study screening and
identification process.
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Table 1. Specific data (values of various parameters) of the selected articles.

Surface Roughness

Weibull Characteristic

. Microhardness Flexural Strength Fracture Toughness Fracture Resistance .
3 g
Study Density (g/cm®) (GPa) (MPa) (MPa-m'?) (N) Bond Strength (MPa) (Sa, wm) Weibull Modulus m Strength o (MPa)
CAD/CAM 3D Print  CAD/CAM 3D Print  CAD/CAM 3D Print CAD/CAM 3D Print CAD/CAM 3D Print CAD/CAM 3D Print CAD/CAM 3D Print  CAD/CAM 3DPrint  CAD/CAM 3D Print
ﬁtba‘l‘aggg% 6065+ 5969+ 1518+ 1608+ 150727+ 83972+
s 0.116 0.201 0.61 0.81 340.1 333.13
Alageeletal. 581 + 584+ 1215+ 1662+ 0.170 + 0.159 +
(2025) [14] 017 0.11 0.31 0.42 0.017 0.002
Alh("ztg%f al 1391+ 1406+ 448+ 555 +
2 0.25 0.32 0.112 1.19
[15]
Bergler et al. 936.3 + 855.4 +
(2022) [16] 255.0 112.6
Bomicke et al. 27.54 +
(2024) [17] 1058 28+8.53
Cho etal, 1445+ 1461+
(2025) [18] 0.6 0.49
Giugliano 6.08 + 6.06 = 99616 £ 84575+
etal. [19] 0.01 0.02 13737 266.16 7.27 7.23/192
Hajjaj et al. 1489+ 1313+ 1202 + 247.7 +
(2024) [7] 187 0.48 1747 166
Hassan et al. 1625+ 1329+ 27863+ 26936+
(2025) [20] 032 033 160.5 225.6 19.5 121 2859.1 2798.6
Hetzler et al. 1517 + 1559 + 848.6 + 879.5 +
(2025) [21] 0.27 0.24 1285 1822
Kim et al. 116+ 9274+ 865.7 + 7.7 (95%CL 6.4 (95% CL:
(2022) [22] 06  HSE04 Ty 1485 49+03 47404 6.9-8.5) 5.8-7.0) 984.6 9285
Moon et al. 30.26 + 35.12 +
(2022) [23] 5.2 4.09
Refaie et al. 1790.8 + 14844 +
(2023) [24] 206 369.5
Zenthofer 14615+ 12965 & 1514 +084  458+08  1O2>E 14245
e 3(2(5] ) 113 306.7 : - g - 212 80.10
Zenthofer
149517+ 180111 +
etal. (2024) 256 265.22

[26]

CAD/CAM: computed-aided design/computed-aided manufacturing, CI: confidence interval. Note: The combined averages of subgroups have been presented for some studies in

this table.
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3.2. Study Quality Assessment

The findings of the risk-of-bias assessment—conducted using both RoOBDEMAT and
modified CONSORT tools—are presented in Tables 2 and 3, respectively. Only one study
randomized the samples or reported this aspect of the research [25]. Although randomization
is less common in in vitro studies involving dental materials, it is recommended because it
limits selection bias and balances mild material variability. Further, only one study blinded
the test operator to group allocation or explicitly reported blinding [19]. In addition, three
articles did not discuss the rationale behind choosing the sample size explicitly [17,22,23]. All
articles provided enough rationale for the studies and explicitly stated the aims of the research.
All articles also reported the limitations of their respective studies and explicitly provided
information regarding funding. However, some studies did not provide information regarding
the print orientation [16,17,23,24]. Additionally, some studies did not report on the sintering
cycle or aging. Notably, sintering protocols for 3D-printed zirconia are longer because of the
additional debonding step. Some also failed to report the surface condition [16,19]. In sum, all
articles had a moderate level of quality and bias.

Table 2. Findings of the risk-of-bias assessment conducted using the RoBDEMAT tool.

Study D1.1 D1.2 D1.3 D2.1 D2.2 D3.1 D3.2 D4.1 D4.2
Abualsaud et al.

(2022) [13] A N A A A A N A A
Alhotan et al.

(2024) [15] A N A A A A N A A
Alageel et al.

(2025) [14] A N A A A A N A A
Bergler et al.

(2020) [16] A N A ! A A N A A
Bomicke et al. A N N I A A N A A
(2024) [17]

Choetal. (2025) N A A A A N A A
[18]

Giugliano et al.

(2023) [19] A N A A A A A A A
Hajjaj et al.

(2024) [7] A N A A A A N A A
Hassan et al. A N A A A A N A A
(2025) [20]

Hetzler et al.

(2025) [21] A N A A A A N A A
Kim et al. (2022)

[22] A N N A A A N A A
Moon et al.

(2022) [23] A N N ! A A N A A
Refaie et al.

(2023) [24] A N A L A A N A A
Zenthofer et al.

(2022) [25] A A A A A A N A A
Zenthoferetal. N A A A A N A A

(2024) [26]

Domains of Bias: D1—Bias in planning and allocation: D1.1 Control group; D1.2 Sample randomization; D1.3
Sample size rationale and reporting. D2—Bias in sample/specimen preparation: D2.1 Standardization of samples
and materials; D2.2 Identical experimental conditions across groups. D3—Bias in outcome assessment: D3.1
Adequate and standardized testing procedures and outcomes; D3.2 Blinding of the test operator. D4—Bias in
data treatment and outcome reporting: D4.1 Statistical analysis; D4.2 Reporting study outcomes [11]. Rating
Scale: A = Adequately performed/reported; I = Insufficiently performed/reported; N = Not performed/reported.
RoBDEMAT: Risk of Bias tool for Pre-Clinical Dental Material Research
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Table 3. Findings of the risk-of-bias assessment conducted using the modified CONSORT tool.

Study 1 2a 2b 3 4 5 6 7 8 9 10 11 12 13 14
Abualsaud etal. * * * * * * * * *
(2022) [13]

Alhotan et al. " * * % * * * * * *
(2024) [15]

Alageel et al. " " " " " " * * * *
(2025) [14]

Bergler et al. . " " % * % * * *
(2020) [16]

Bomicke et al. + " " % * % % *
(2024) [17]

Cho et al. (2025) . % " % % * * % % *
[18]

Giugliano et al. . " " " * * * * % * *
(2023) [19]

Hajjaj et al. " * % * * + * * * *
(2024) [7]

Hassan et al. " " " * * % * * * *
(2025) [20]

Hetzler et al. " % * % * % * * * *
(2025) [21]

Kim et al. (2022) % * * % * * * *
[22]

Moon et al. * * * * * * * *
(2022) [23]

Refaie et al. " " " " % * * * *
(2023) [24]

Zenthofer et al. " % " * * % * * * * * *
(2022) [25]

Zenthofer et al. " % " * * % * * * *

(2024) [26]

Modified CONSORT Checklist: Abstract: Item 1—Structured summary of trial design, methods, results, and
conclusions. Introduction: Item 2a—Scientific background and explanation of rationale; Item 2b—Specific objec-
tives and/or hypotheses. Methods: Item 3—Intervention for each group, with sufficient detail for replication;
Item 4—Defined, pre-specified primary and secondary outcome measures, including how and when they were
assessed; Item 5—How sample size was determined; Item 6—Method used to generate the random allocation
sequence; Item 7—Mechanism used to implement the random allocation sequence, and steps to conceal allocation
until intervention assignment; Item 8—Who generated the allocation sequence, who enrolled specimens, and who
assigned interventions; Item 9—If blinding was performed, who was blinded after assignment to intervention and
how; Item 10—Statistical methods used to compare groups for primary and secondary outcomes. Results: Item
11—Results for each primary and secondary outcome, for each group, with effect size and precision. Discussion:
Item 12—Trial limitations, addressing sources of potential bias, imprecision, and generalizability. Other Informa-
tion: Item 13—Sources of funding and other support, and role of funders; Item 14—Where the full trial protocol
can be accessed, if available [12]. * denotes that the item was reported adequately in the study.

3.3. Qualitative Analysis

A total of 15 in vitro studies published between 2022 and 2025 were reviewed. In
Korea, studies were performed by Cho et al., Kim et al., and Moon et al. [18,22,23]. In
Europe, research was conducted by Alhotan et al., Bomicke et al., Hetzler et al., Refaie et al.,
and Zenthofer et al. [15,17,21,24-26]. In the USA, work was carried out by Bergler et al.
and Giugliano et al. [16,19]. In Saudi Arabia, studies were published by Abualsaud et al.,
Hajjaj et al., Alageel et al., and Hassan et al. [7,13,14,20].

3.3.1. Mechanical Properties

Among the studies reviewed, 3D-printed zirconia consistently showed mechanical
properties that were within clinically acceptable limits, often similar to milled zirconia in
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terms of flexural strength and fracture resistance [14,16,18,25]. However, printed specimens
showed a greater variation in results, mainly due to porosity, microcracks, and print
layer defects observed under a scanning electron microscope (SEM) [13,20]. Furthermore,
color infiltration and two-step sintering slightly lowered the flexural strength of printed
specimens [25]. Additionally, surface polishing did not significantly change the flexural
strength of printed specimens [25]. It is also important to note that printing orientation
had a significant effect on the mechanical parameters: for example, specimens printed
horizontally reached flexural strength values equal to or in some cases higher than milled
zirconia [21], whereas vertically printed specimens were weaker, although they still met the
ISO 6872 standard [13]. In terms of toughness and hardness, milled zirconia consistently
performed better than printed specimens [20,24]. Thermocycling and mechanical fatigue
(artificial aging techniques) reduced the fracture toughness and hardness in both groups,
and in printed zirconia, a significant decrease was observed [15]. Nevertheless, both
materials retained values within the acceptable clinical ranges following aging [15,16].

3.3.2. Fracture Toughness and Hardness

The fracture toughness and hardness of milled zirconia were consistently better than
those of 3D-printed zirconia [20,24]. Thermocycling and mechanical fatigue induced
artificial aging, which further decreased the fracture toughness and hardness of both
groups; that said, the decrease was more pronounced in printed zirconia restorations [15].
However, the values of both materials remained within the acceptable clinical range after
the aging protocols [15,16]. For real restorations, printed and milled restorations had
comparable fracture resistance, especially on stiff support (Co-Cr abutments) or at a wall
thickness of 0.6-0.8 mm; a wall thickness of 0.4 mm should be used cautiously because
first-crack cusp forces can fall in the 140-200 N range [26].

3.3.3. Surface Properties

Compared to milled zirconia, 3D-printed zirconia had higher surface roughness and
marginally lower hardness [13,20]. Again, the printing orientation had a considerable effect
on surface properties as well, with the highest surface roughness observed in tilted and
vertically printed specimens [13]. In both groups, surface glazing proved to be effective
in reducing roughness [20]. However, it should be noted that while surface glazing can
transiently reduce roughness, accurate multistep polishing typically yields more durable
smoothness and is preferred for long-term roughness control. In this study, surface fin-
ishing protocols considered glazing and multi-step polishing; thus, immediate roughness
reduction (glaze) should be distinguished from more durable roughness control (polishing)
when interpreting bond and wear implications. SEM was used to observe the structural
flaws of printed zirconia, including voids and interlayer bandages, whereas milled zirconia
had a more compact and uniform microstructure [14,16].

3.3.4. Accuracy and Dimensional Fit

Milled zirconia showed greater accuracy than printed zirconia, with better internal
and marginal adaptation and lower root mean square values (approximately 15-25 pm for
milled zirconia and 40-50 um for printed zirconia) [19,23]. However, restorations produced
by AM were still within the clinically acceptable limits [13,23]. The slight inaccuracies
observed in the printed specimens were mainly due to factors such as support removal,
slurry shrinkage, and the inherent resolution limits of the printer.

3.3.5. Bonding and Adhesion

Bond strength testing showed that 3D-printed zirconia could achieve resin cement
adhesion comparable to milled zirconia, especially when treated with tribochemical silica
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coating (TSC) [7,17]. Although aging reduced the bond strength in both groups, most values
remained above the 10 MPa threshold considered clinically acceptable. For veneering
applications, AM showed a greater porcelain bond strength than SM. SEM confirmed these
findings: stronger porcelain—zirconia interfaces in the printed specimens [23].

3.3.6. Aging, Long-Term Durability, and Esthetics

Artificial aging by thermocycling and chewing simulation showed that both printed
and milled zirconia maintained clinically acceptable properties after aging [16,18]. However,
printed zirconia was more susceptible to degradation, particularly in terms of fracture
toughness and bonding reliability [15]. Differences related to printing orientation persisted
even after aging; horizontally printed specimens maintained greater stability than vertically
printed specimens [13,21], The esthetic aspects remain poorly studied. One study found
that milled zirconia had significantly higher translucency than printed zirconia and may be
more appropriate for posterior restorations, where strength is prioritized over appearance.

3.4. Meta-Analysis
3.4.1. Vickers Microhardness

A total of eight studies, out of the 15 studies included in the meta-analysis, reported
Vickers hardness [7,13-15,18,20-22]. The pooled standardized mean difference (SMD)
was found to be small and not statistically significant (SMD = 0.55; 95% CI: [—3.44, 4.55];
p = 0.76; Figure 2). Additionally, a very high heterogeneity was noted among the stud-
ies (I = 99.44%; 95% CI: 98.76-99.86%; p < 0.001). Thus, the author decided to perform
a moderation analysis to understand the factors influencing the heterogeneity. Three
moderators were used: AM technology, specimen type, and applied load. However,
none of the prespecified moderators had a meaningful influence on the heterogeneity
(Figures A1-A3). Additionally, subgroup meta-analyses based on AM technology were
all non-significant, and there was no reduction in the heterogeneity or change in the
inference (Figure A4). Furthermore, leave-one-out [14] and leave-two-out sensitivity
analyses [14,20] conducted based on Cook’s distance (>2.0) revealed no change in the
inference or heterogeneity (Figure A5). These results suggest that the heterogeneity
stems from factors beyond the prespecified ones. Unfortunately, the exact factors caus-
ing the heterogeneity could not be determined because information regarding some of
the other possible factors (e.g., build orientation, paste systems used in the AM proce-
dure, yttria content, grain size, porosity, and sintering/aging protocols) was not avail-
able for all studies included in the meta-analysis. Crown-based SLA /DLP studies with
1 kgf/15 s loads reported hardness spanning approximately from 1442 HV to 1533 HV
compared to approximately 1474 HV for milled crowns [18], while a DLP 5Y study showed
HVO0.5 of approximately 1590 [21], and an SLA-SM 3Y comparison found approximately
11.5-11.6 GPa with no significant difference [22], creating opposing effects that inflate the
pooled variance.

Additionally, the author performed publication bias analyses (Figure 3). The funnel
plot showed that there was a potential publication bias or small-study effects. However,
the weighted regression test (Egger’s test) did not confirm significant asymmetry (Figure 3).
Additionally, the Duval and Tweedie trim-and-fill analysis suggested up to three missing
studies, and the adjustment did not significantly change the overall effect, as indicated
by the still wide confidence intervals and overlapping zero (Figure 3). There was high
heterogeneity as well, meaning effect sizes varied considerably across studies. Thus, the
evidence of possible bias exists, but results remain inconclusive and highly heterogeneous.
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Figure 2. Forest plot of Vickers hardness analyzed by the random-effect model. The black squares
represent the differences in Vickers hardness between the 3D-printed groups and the CAD/CAM
groups in individual studies, and the area of each square indicates the sample size (study weight). The
solid line depicts a 95% confidence interval of the difference. The diamond at the bottom of the graph
shows the pooled estimate and uncertainty. The vertical line indicates the line of no effect, meaning
there is no difference between the 3D-printed groups and the CAD/CAM groups [7,13-15,18,20-22].
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Figure 3. Funnel plot depicting the standard error by mean of Vickers hardness. The black dots in
the trim-and-fill analysis indicate the studies identified in the systematic review, and the white dots
represent the new studies that were imputed using the Duval and Tweedie trim-and-fill method.
CI: confidence interval.

3.4.2. Flexural Strength

Of the 15 studies, a total of seven studies reported flexural strength [7,13,16,19,21,22,25].
The pooled effect size was negative but not statistically significant (SMD = —1.57 GPa;
95% CI: [-3.93, 0.79]; p = 0.16; Figure 4). However, it should be noted that between-
study heterogeneity was very high (I> = 98.37%; 95% CI: 95.95-99.69%; p < 0.001). Thus,
a moderation analysis was performed for this parameter as well. However, none of
the included moderators (testing method, specimen type, and AM technique) had any
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Study name

meaningful impact on heterogeneity. That said, when two studies [7,13], which pro-
vided highly varying values, were excluded from the meta-analysis, the heterogeneity
reduced substantially (12 = 57.25%). However, the pooled effect remained non-significant
(SMD = -0.35 GPa; 95% CI: [-0.86, 0.16]; p = 0.13; Figure 5). Thus, it is evident from these
findings of the sensitivity analysis that while these two studies contributed disproportion-
ately to the heterogeneity, they did not impact the underlying effect; in fact, the effect size
was much closer to zero.
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Figure 4. Forest plot of flexural strength analyzed by the random-effect model. The black squares
represent the difference in flexural strength between the 3D-printed groups and the CAD/CAM
groups in individual studies, and the area of each square indicates the sample size (study weight). The
solid line depicts a 95% confidence interval of the difference. The diamond at the bottom of the graph
shows the pooled estimate and uncertainty. The vertical line indicates the line of no effect, meaning
there is no difference between the 3D-printed groups and the CAD/CAM groups [7,13,16,19,21,22,25].
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Figure 5. Forest plot of the sensitivity analysis performed by removing two outlier studies (Hajjaj
et al., (2024) [7] and Abualsaud et al., (2022) [13]). The black squares represent the difference in
flexural strength between the 3D-printed groups and the CAD/CAM groups in individual studies,
and the area of each square indicates the sample size (study weight). The solid line depicts a 95%
confidence interval of the difference. The diamond at the bottom of the graph shows the pooled
estimate and uncertainty. The vertical line indicates that there is no difference between the 3D-printed
groups and the CAD/CAM groups [16,19,21,22,25].

3.4.3. Density

Three studies were included for analyzing the difference in density between the
CAD/CAM and 3D-printed groups [13,14,19]. The pooled effect on density was very
small but non-significant (—0.43; 95% CI: [-2.13, 1.27]; p = 0.39; Figure 6). There was
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Study name
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significant heterogeneity among the three studies (I = 77.29%; 95% CI: [8.23-99.51%];
p = 0.02). Publication bias analyses revealed some bias in the studies. However, it should
be noted that with only three studies, Egger’s and trim-and-fill analyses could misinterpret
genuine heterogeneity as bias. Interestingly, the testing method used (water displacement
vs. gravimetric analysis) significantly reduced the heterogeneity to 36.76% (Figure A6).
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Figure 6. Forest plot of density analyzed by the random-effect model. The black squares represent
the differences in density between the 3D-printed groups and the CAD/CAM groups in individual
studies, and the area of each square indicates the sample size (study weight). The solid line depicts
a 95% confidence interval of the difference. The diamond at the bottom of the graph shows the
pooled estimate and uncertainty. The vertical line indicates the line of no effect, meaning there is no
difference between the 3D-printed groups and the CAD/CAM groups [13,14,19].

3.4.4. Bond Strength

Only two studies reported bond strength [17,23]. The pooled effect on bond strength
was small but non-significant, and unsurprisingly, the confidence interval was very wide
(SMD =0.41 MPa; 95% CI: [—5.44, 6.27; p = 0.54; Figure 7). Furthermore, there was moderate
heterogeneity (I? = 72.96%); however, the CI was very wide, and this result is meaningless
because there were only two studies. Additionally, publication bias analyses were not
performed because of the extremely small number of studies included.
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Figure 7. Forest plot of bond strength analyzed by the random-effect model. The black squares
represent the differences in bond strength between the 3D-printed groups and the CAD/CAM groups
in individual studies, and the area of each square indicates the sample size (study weight). The solid
line depicts a 95% confidence interval of the difference. The diamond at the bottom of the graph
shows the pooled estimate and uncertainty. The vertical line indicates the line of no effect, meaning
there is no difference between the 3D-printed groups and the CAD/CAM groups [17,23].
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A review of both studies individually revealed that both interventions (CAD/CAM
and 3D-printing) resulted in clinically acceptable bond strengths with resin cement.
Additionally, the pooled mean values remained above the clinical threshold of 10 MPa,
even after aging. Furthermore, surface treatment (TSC) and proper cement choice were
found to be more influential than the fabrication method itself. These two studies sug-
gest that printed zirconia is not inferior to milled zirconia when properly conditioned.
Moon et al. suggested that 3D-printed zirconia restorations may provide even better
porcelain bond strength, albeit at the cost of manufacturing accuracy [23]. Thus, printed
zirconia appears to be a viable alternative but requires more refined protocols for fit
and finishing.

3.4.5. Fracture Toughness and Resistance

Both studies reported fracture toughness clustered near the line of null effect, sug-
gesting comparable effects rather than superiority of one method over the other [15,22].
The pooled effect was very small, but the result was not significant and the confidence
intervals were very wide (SMD = 0.35; 95% CI: [-11.03, 11.73]; p = 0.76; Figure 8). An
individual review of the two studies revealed that 3D-printed zirconia specimens matched
or exceeded milled zirconia specimens in terms of fracture toughness. In the study by Kim
et al., there was no significant difference in fracture toughness (p = 0.1) between the two
techniques, and both groups had a flexural strength greater than 800 MPa, which meets
the ISO 6872 Class 5 requirements [22]. Alhotan et al. showed that 3D-printed specimens
had a higher fracture toughness (6.07 MPa-m'2) than milled ones (4.46 MPa-m'%), and this
result was maintained even after aging, although the magnitude of the difference reduced
slightly [15].
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Figure 8. Forest plot of fracture toughness analyzed by the random-effect model. The black squares
represent the difference in fracture toughness between the 3D-printed groups and the CAD/CAM
groups in individual studies, and the area of each square indicates the sample size (study weight).
The solid line depicts a 95% confidence interval of the difference. The diamond at the bottom of
the graph shows the pooled estimate and uncertainty. The vertical line indicates that there is no
difference between the 3D-printed groups and the CAD/CAM groups [15,22].
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Similar to fracture toughness, fracture resistance was reported by two studies
only [20,24,25]. Overall, milled zirconia restorations had a marginally higher frac-
ture resistance than 3D-printed restorations; however, the result was not significant
(SMD = —0.02; 95% CI: [-0.52, 0.49]; p = 0.91; Figure 9). There was no heterogeneity
between the two studies. Weibull analysis also showed higher modulus values for milled
zirconia restorations, which translates to a more predictable fracture performance, whereas
3D-printed zirconia had a greater variability but a similar mean strength.
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Figure 9. Forest plot of fracture resistance analyzed by the random-effect model. The black squares
represent the differences in fracture resistance between the 3D-printed groups and the CAD/CAM
groups in individual studies, and the area of each square indicates the sample size (study weight).
The solid line depicts a 95% confidence interval of the difference. The diamond at the bottom of the
graph shows the pooled estimate and uncertainty. The vertical line indicates the line of no effect,
meaning there is no difference between the 3D-printed groups and the CAD/CAM groups [20,24,26].

3.4.6. Meta-Analysis of the Composite Mechanical Outcome

As there were few studies for endpoint-specific analysis, the single-study-level
composite outcome was calculated. The analysis revealed no significant difference in
the composite mechanical outcome between the 3D-printed groups and the CAD/CAM-
milled groups (SMD = —0.55; 95% CI: [-1.47, 0.38]; p = 0.23; Figure 10). However, there
was very high heterogeneity among the studies, which is in line with the results per-
taining to the individual outcomes. Visual inspection of the funnel plot suggested some
asymmetry; however, Egger’s test did not reveal any statistically significant bias, and
the trim-and-fill analysis imputed no studies and showed minimal impact on the pooled
estimate (Figure 11). Thus, there is no consistent evidence that 3D-printed zirconia
differs from milled zirconia in overall mechanical performance, although results are
heterogeneous and likely moderated by printing technology, specimen design, surface
finishing, and other factors. However, it should be noted that interpretation of bias
results is limited by the very high heterogeneity and the composite nature of the end-
point (different mechanical properties with different scales pooled via SMD), both of
which can induce funnel asymmetry and reduce the power and specificity of Egger’s
and trim-and-fill analyses.
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Figure 10. Forest plot of the composite mechanical outcome analyzed by the random-effect model.
The black squares represent the differences in the composite outcome between the 3D-printed groups
and the CAD/CAM groups in individual studies, and the area of each square indicates the sample
size (study weight). The solid line depicts a 95% confidence interval of the difference. The diamond
at the bottom of the graph shows the pooled estimate and uncertainty. The vertical line indicates the
line of no effect, meaning there is no difference between the 3D-printed groups and the CAD/CAM
groups [7,13-26].
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Figure 11. Funnel plot depicting the standard error by mean of the composite outcome. The black
dots in the trim-and-fill analysis indicate the studies identified in the systematic review, and the white
dots represent the new studies that were imputed using the Duval and Tweedie trim-and-fill method.
CI: confidence interval.
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4. Discussion

The present systematic review and meta-analysis compared various mechanical proper-
ties (flexural strength, microhardness, density, etc.) and bond strength between CAD/CAM-
milled and 3D-printed dental zirconia restorations to provide comprehensive insights into
the current state of knowledge in this field. The results of the review and meta-analysis
suggest that while CAD/CAM-milled zirconia restorations are reliable and have consistent
mechanical properties, 3D-printed ones also have comparable mechanical properties and
bond strength. However, there are certain limitations with respect to the manufacturing pro-
cesses and material properties. For example, the mechanical properties, especially flexural
strength and fracture toughness, tends to be slightly better for CAD/CAM-milled zirconia
than for 3D-printed zirconia. This observation aligns with the findings of previous studies
suggesting that CAD/CAM-milled zirconia is more reliable for dental restorations [19,27].
That said, the results of my review and meta-analysis also suggest that 3D-printed zirconia
restorations have reached the clinically acceptable range: some studies showed that in
certain conditions or orientations, printed zirconia had comparable or even superior me-
chanical properties compared to milled restorations. This is especially notable because of
the inherent challenges surrounding 3D printing: porosity, microcracks, and layer bonding
issues, which can adversely affect the mechanical properties.

The variability noted in the mechanical parameters of 3D-printed zirconia highlights
the importance of fine-tuning the manufacturing processes and parameters to minimize the
presence of defects and improve performance consistency. Previous studies that assessed
bonding and adhesion parameters noted that 3D-printed zirconia could achieve resin
cement adhesion that was comparable to that of milled zirconia samples; these studies
also noted that surface treatments (e.g., TSC) positively influenced the restorations” bond
strength [7,17]. These findings are important, as they indicate that 3D-printed zirconia
restorations with appropriate surface conditioning may be a good option for cases requiring
strong adhesive bonding.

Furthermore, the literature suggests that AM is associated with greater porcelain bond
strength than SM; thus, 3D-printed zirconia restorations can be used in cases where esthetic
considerations are more important than functional ones. Additionally, regarding long-
term durability and esthetic, both milled and printed zirconia restorations show clinically
acceptable properties after aging, but printed zirconia appears to be more susceptible to
degradation, particularly in terms of fracture toughness and bonding reliability [15]. Fur-
ther, the effect of printing orientation on the stability of mechanical parameters and bonding
strength following aging underscores the need for manufacturers to choose the appropriate
manufacturing technique and parameters for the production of 3D-printed zirconia restora-
tions. The present meta-analysis also strengthens the conclusion that there is no significant
difference in Vickers microhardness between CAD/CAM-milled and 3D-printed zirconia
restorations, but it should be noted that there was high heterogeneity among the included
studies. This suggests that the differences in the mechanical parameters as well as bonding
strength between the two manufacturing methods may not be as pronounced as previously
thought, when optimal manufacturing conditions and parameters are used.

Regarding trueness and accuracy, both techniques appear to be associated with ac-
ceptable trueness and precision [28]. That said, interestingly, 3D-printed crowns showed
better trueness on occlusal and axial surfaces, whereas milled crown samples had better
trueness on fitting surfaces [28]. Additionally, in the comparative study by Giugliano et al.,
milled zirconia disks exhibited more precise dimensions (diameter and thickness) and,
thus, were involved in more accurate restorations [19]. Moreover, both techniques resulted
in restorations that had clinically acceptable margins in a previous study; the marginal
gap was overall smaller in milled samples than in printed ones [29]. Two studies also
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found that the internal fit was comparable for these two techniques and that they both
met the clinical requirements in terms of internal fit [9,30]. Thus, the choice between these
two techniques can depend on the clinical requirements: for example, 3D-printed zirconia
has better precision when considering complex shapes or narrow areas, whereas milled
restorations appear to have better dimensional consistency and translucency [31].

There are advances in the 3D printing technology that could improve the mechanical
parameters of zirconia restorations. The literature on this topic has shown that print
orientation during manufacturing can influence the mechanical properties of zirconia.
Miura et al. showed that a perpendicular orientation was associated with a higher flexural
strength than other orientations [32]. Thus, it is evident that printing orientation plays
a significant role in enhancing durability. In addition, the use of the DLP technology
can help produce high-strength, semi-translucent zirconia ceramics. Thus, DLP, by using
UV-curable formulations with optimal zirconia content, can produce fully dense, crack-free
ceramics [33]. Additionally, it has been shown that adding silane coupling agents to zirconia
suspensions can improve the hardness, material density, and biaxial flexural strength; it
also leads to a denser microstructure and, thereby, improve the overall mechanical integrity
of 3D-printed zirconia [34]. Further, optimizing various parameters—layer height, print
speed, and extrusion temperature—can considerably influence the mechanical parameters
of printed zirconia materials like tensile strength and flexural modulus [35]. It has also
been reported that using new ceramic formulations and combinations of filler—different
zirconia-tetragonal forms and their improvements in thermal treatments and compositions—
can improve printability and sintered density zirconia [34]. I believe that these innovations in
the 3D printing technology and material science as well as similar advances in the near future
can significantly improve the mechanical parameters of zirconia restorations and widen its
application in dentistry and other industries requiring high strength and precision.

Clinical variability—including saliva composition and flow, biofilm ecology, occlusal
loading patterns/parafunction, antagonist material, soft-tissue phenotype, and host inflam-
matory milieu—can influence wear, veneer chipping, and peri-restorative tissue response [36].
The in vitro comparisons included in this meta-analysis isolate manufacturing effects; how-
ever, it has to be mentioned that they cannot fully account for patient-level heterogeneity. Thus,
these factors highlight cautious translation: milled zirconia’s higher predictability (Weibull
modulus) may confer clinical reliability [25], whereas printed zirconia’s performance will
likely depend on the optimization of build orientation, densification, and finishing to offset
variability [37]. Furthermore, evidence on full-contour restorations further shows that sub-
strate stiffness and wall thickness strongly influence fracture resistance, again highlighting the
importance of context-dependent clinical performance rather than a single material effect [26].

It should be noted that this study had certain limitations. The high heterogeneity
observed among the studies in the meta-analysis of some parameters was a major limita-
tion. Although moderation analyses were attempted, none of the prespecified moderators
(e.g., specimen shape, indentation load, testing method, and AM technique) could explain
the heterogeneity. It is possible that factors beyond these prespecified ones (e.g., build
orientation, paste systems used in the AM procedure, yttria content, grain size, porosity,
and sintering/aging protocols) caused the heterogeneity; however, these factors could not
be evaluated because they were not reported in some studies. Additionally, for some pa-
rameters such as bond strength and fracture resistance, only two studies could be included
in the meta-analysis; this limited the statistical power and the ability to draw definitive
conclusions. Additionally, it was difficult to assess the associations between mechanical
outcomes and bonding strength for dental zirconia in terms of biocompatibility based on
surface roughness and porosity because only two studies report the surface characteristics
and bonding strength outcomes adequately. Once many studies do a comparative analy-
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sis of these parameters in the future, future meta-analyses should aim to include larger
numbers of studies in all comparison categories to make the findings robust.

5. Conclusions

While the systematic review and meta-analysis findings, within the limitations of the
study, reveal that CAD/CAM-milled zirconia often exhibits slightly superior mechanical
properties such as strength, hardness, and accuracy, it also highlights that advancements in
the 3D-printing technology have begun to reduce this gap. Nevertheless, 3D-printed zirconia
has significant potential for clinical applications, particularly where complex shapes are
required or lower material wastage is desired. I believe that further research and technological
improvements will likely enhance the application of 3D-printed zirconia in the dental field.
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SLS Selective Laser Sintering
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Appendix A

Meta-Regression Summary

Effect Size Meta-Regression Coefficients
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Note. Fixed effects tested using Knapp and Hartung adjustment.
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Figure A1. Effect of applied load on the difference in the mean effect size of Vickers hardness. CI:
confidence interval, DLP: direct light processing, SLA: stereolithography [7,13-15,18,20-22].
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Figure A2. Effect of specimen shape on the difference in the mean effect size of Vickers hardness. CI:
confidence interval, DLP: direct light processing, SLA: stereolithography [7,13-15,18,20-22].
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Meta-Regression Summary

Effect Size Meta-Regression Coefficients

95% CI
Estimate Standard Error Lower Upper t df p
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AM_Tech (FDM) —1.379 3.756 —11.807 9049 -0.367 4000 0732
Note. Fixed effects tested using Knapp and Hartung adjustment.
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Figure A3. Effect of AM technology on the difference in the mean effect size of Vickers hardness.
CI: confidence interval, DLP: direct light processing, SLA: stereolithography, AM: additive manufac-
turing, SLM: selective laser melting, LCM: lithography-based ceramic manufacturing, FDM: fused
deposition modeling [7,13-15,18,20-22].
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Figure A4. Subgroup analysis of Vickers hardness based on AM technology. DLP: direct light
processing, SLA: stereolithography, LCM: lithography-based ceramic manufacturing; AM: additive
manufacturing [13,15,18,20-22].
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Figure A5. Forest plot of the sensitivity analysis on Vickers hardness performed by removing
two outlier studies [14,20]. DLP: direct light processing, SLA: stereolithography [13,15,18,20-22].

Meta-Regression Summary

Effect Size Meta-Regression Coefficients
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Note. Fixed effects tested using Knapp and Hartung adjustment
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Figure A6. Effect of density testing method on the difference in the mean effect size of density. CI:
confidence interval [13,14,19].
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