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ABSTRACT. Additive manufacturing has gained increasing popularity for the fabrication of interim
restorations because of its efficiency, reduced material waste, and workflow flexibility. However, concerns
remain regarding the mechanical reliability of additively manufactured materials compared with CAD-
CAM-milled restorations. This in vitro study compared the fracture resistance of interim crowns fabricated
by additive manufacturing and CAD-CAM milling. Twenty standardized interim crowns were digitally
designed and distributed into two groups according to the manufacturing technique (n=10): additively
manufactured crowns fabricated with a ceramic-filled nanohybrid resin using LCD technology, and CAD-
CAM-milled crowns fabricated from prepolymerized polymethyl methacrylate (PMMA) blocks. Fracture
resistance was evaluated under compressive loading using a universal testing machine at a crosshead
speed of 1 mm/min until failure. Data were analyzed with the Shapiro-Wilk test and independent t
test (a=.05). CAD-CAM-milled crowns demonstrated significantly higher fracture resistance than
additively manufactured crowns, with mean values of 439.1+24.0 kgf (4306235 N) and 244.7+34.9
kof (2399+342 N), respectively. The findings suggest that the manufacturing technique significantly
influences the mechanical performance of interim restorations, with CAD-CAM-milled PMMA crowns
exhibiting greater resistance to compressive loading under the conditions evaluated.
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RESUMEN: La manufactura aditiva ha adquirido creciente popularidad para la fabricacion de restauraciones
provisionales debido a su eficiencia, menor desperdicio de material y flexibilidad en el flujo de trabajo. Sin
embargo, persisten preocupaciones respecto a la confiabilidad mecanica de los materiales fabricados
mediante manufactura aditiva en comparacion con las restauraciones fresadas mediante CAD-CAM.
El presente estudio in vitro compard la resistencia a la fractura de coronas provisionales fabricadas
mediante manufactura aditiva y fresado CAD-CAM. Veinte coronas provisionales estandarizadas fueron
disefiadas digitalmente y distribuidas en dos grupos segun la técnica de fabricacion (n=10): coronas
fabricadas mediante manufactura aditiva con una resina nanohibrida rellena de ceramica utilizando
tecnologia LCD vy coronas fresadas mediante CAD-CAM a partir de bloques prepolimerizados de
polimetilmetacrilato (PMMA). La resistencia a la fractura fue evaluada bajo carga compresiva utilizando
una maquina universal de ensayos a una velocidad de desplazamiento de 1 mm/min hasta la fractura.
Los datos fueron analizados mediante la prueba de Shapiro-Wilk y la prueba t de Student para muestras
independientes (a=.05). Las coronas fresadas mediante CAD-CAM demostraron una resistencia a la
fractura significativamente mayor que las coronas fabricadas mediante manufactura aditiva (P<.001), con
valores promedio de 439.1+24.0 kgf y 244.7+34.9 kgf, respectivamente. Los hallazgos sugieren que la
técnica de fabricacion influye significativamente en el comportamiento mecanico de las restauraciones
provisionales, mostrando las coronas de PMMA fresadas mediante CAD-CAM una mayor resistencia a la
carga compresiva bajo las condiciones evaluadas.

PALABRAS CLAVE: Restauraciones provisionales; CAD-CAM; Impresion tridimensional; Resistencia a la
fractura; Polimetilmetacrilato.

INTRODUCTION

Interim crowns are essential for maintaining
esthetics, function, occlusal stability, and prepa-
red tooth protection during fixed prosthodontic
treatment. Their mechanical reliability is particularly
relevant in prolonged treatments, implant-suppor-
ted rehabilitation, extensive restorative procedures,
long-span provisionalization, and situations invol-
ving increased occlusal loading, where fracture or
deformation may compromise treatment continuity
and patient comfort (1-3).

Digital technologies have transformed the
fabrication of interim restorations. CAD-CAM milling
uses industrially prepolymerized polymethyl metha-
crylate (PMMA) blocks, which provide improved
material homogeneity, reduced porosity, and more

consistent mechanical behavior than conventio-
nally processed provisional polymers (1,2,4,5).
In contrast, additive manufacturing fabricates
restorations through layer-by-layer photopolyme-
rization, offering reduced material waste, workflow
flexibility, efficient production, and the ability
to fabricate complex geometries with minimal
material consumption (6,7).

Despite these advantages, concerns remain
regarding the mechanical performance of additi-
vely manufactured interim restorations. Layer-by-
layer fabrication may generate anisotropic behavior,
interlayer discontinuities, and stress concentration
areas that influence fracture resistance under
functional loading (8-10). In addition, the mecha-
nical behavior of printed restorations may be
affected by resin composition, build orientation,
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printing technology, layer thickness, postpolymeri-
zation protocol, marginal adaptation, and artificial
aging (10-13).

Although ceramic-filled and nanohybrid
printable resins have been introduced to improve
the strength and clinical applicability of additively
manufactured restorations, the evidence remains
heterogeneous. Some studies have reported favora-
ble mechanical performance for printed interim
materials, whereas others have found higher
fracture resistance for CAD-CAM-milled PMMA
restorations, particularly when printing orienta-
tion, postcuring, resin formulation, thermocycling,
and simulated clinical conditions are considered
(5,6,14-16). Therefore, direct comparisons between
additive manufacturing and CAD-CAM milling under
standardized conditions remain relevant for guiding
material selection in provisional prosthodontics.

Recent studies comparing milled, printed,
and conventionally fabricated provisional restora-
tions have shown that the mechanical behavior
of interim crowns and fixed dental prostheses
depends not only on the manufacturing techni-
que, but also on restorative design, span length,
material composition, aging protocol, and testing
configuration (2,3,10,11,15,17). Therefore, this
in vitro study compared the fracture resistance of
interim crowns fabricated by additive manufac-
turing and CAD-CAM milling under standardized
conditions. The null hypothesis was that there
would be no significant difference in fracture
resistance between additively manufactured and
CAD-CAM-milled interim crowns.

MATERIALS AND METHODS
STUDY DESIGN AND SPECIMEN PREPARATION

An in vitro experimental study was conduc-
ted to compare the fracture resistance of interim

crowns fabricated by additive manufacturing
and CAD-CAM milling, following methodological

approaches previously used to evaluate digitally
manufactured provisional restorations (2,3,15).
A standardized full-contour crown was digitally
designed with a 3-dimensional modeling software
program (Meshmixer; Autodesk Inc), and the same
design was used for all specimens (Figure 1.A,B).
Twenty interim crowns were fabricated and distri-
buted into 2 groups according to the manufactu-
ring technique: additively manufactured crowns
and CAD-CAM-milled crowns (n=10 per group). The
sample size was based on previous in vitro studies
evaluating fracture resistance of digitally fabricated
interim restorations using similar group sizes.

ADDITIVE MANUFACTURING PROCEDURE

Crowns in the additive manufacturing group
were fabricated with a ceramic-filled nanohybrid
composite resin (Prizma Bio Crown Diamond,;
MakerTech Labs) using a liquid crystal display
(LCD) 3D printer (Phrozen Sonic XL 4K; Phrozen
Technology). All specimens were printed with a
standardized layer thickness of 50 pm and a build
orientation of 90 degrees (Figure 2.A), as printing
orientation and layer-by-layer polymerization have
been reported to influence the mechanical behavior
of additively manufactured interim restorations
(9,10,12). After fabrication, the specimens were
washed in 99% isopropyl alcohol for 5 minutes
to remove uncured resin residues, air-dried, and
postpolymerized in a light-curing unit accor-
ding to the manufacturer’s recommendations for
10 minutes under ultraviolet light (Figure 2.B).
After postpolymerization, support structures were
carefully removed, and controlled mechanical
polishing was performed using rubber polishers to
obtain a standardized surface finish while minimi-
zing dimensional alteration of the specimens.

SUBTRACTIVE MANUFACTURING PROCEDURE
Crowns in the subtractive manufacturing

group were milled from prepolymerized polymethyl
methacrylate (PMMA) blocks (Aidite Monochroma-
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tic PMMA; Aidite) using a 5-axis milling machine
(UP3D; UP3D Tech Co) (Figure 3.A,B). All speci-
mens were fabricated using the same milling
strategy and bur configuration under standar-
dized dry-milling conditions according to the
manufacturer’s recommendations. After milling,
the restorations were cleaned with compressed air
to remove residual particles and inspected accor-
ding to the manufacturer’s recommendations. No
additional polishing procedures were performed
to avoid alterations in surface characteristics and
specimen dimensions. All specimens were fabri-
cated by the same operator under standardized
conditions within each manufacturing workflow to
ensure procedural consistency.

MECHANICAL TESTING

Al specimens were visually inspected
before testing for surface defects or manufactu-
ring irregularities. Each crown was positioned on
a standardized supporting structure to simulate

clinical seating conditions. The operator respon-
sible for mechanical testing was blinded to the
manufacturing group allocation of the specimens
during fracture resistance evaluation. Fracture
resistance was evaluated with a previously calibra-
ted universal testing machine (WEW-300B; Jinan
Testing Equipment Co) (Figure 3.C). A vertical
compressive load was applied to the occlusal
surface at a crosshead speed of 1 mm/min until
failure, consistent with previous in vitro studies
evaluating fracture resistance of digitally fabri-
cated interim crowns and fixed dental prostheses
(3,5,15). The maximum load at fracture was recor-
ded in kilograms-force (kgf).

STATISTICAL ANALYSIS

Data were analyzed with a statistical software
program (SPSS, version 26; IBM Corp). Data norma-
lity was assessed with the Shapiro-Wilk test.
Fracture resistance values between groups were
compared with an independent t test (a=.05).

Figure 1. Standardized digital design of the interim crown. (a) Occlusal view. (b) Frontal view on the manufacturing platform.
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Figure 2. Specimen fabrication procedures. (a) Standardized 3D-printing parameters and build orientation. (b) Additively manufactured

interim crown specimens.

Figure 3. CAD-CAM milling and mechanical testing procedures. (a) Digital positioning of the crown specimens before milling. (b) Milling of
PMMA interim crowns. (c) Fracture resistance testing with a universal testing machine.

RESULTS

Fracture resistance values are summari-
zed in Table 1. CAD-CAM-milled interim crowns
showed higher fracture resistance than additi-
vely manufactured crowns, with mean values of
439.1+£24.0 kgf (4306+235 N) and 244.7+34.9
kgf (2399+342 N), respectively. Fracture resis-
tance ranged from 389.5 to 471.1 kgf in the

CAD-CAM-milled group and from 193.8 to 311.0
kgf in the additively manufactured group.

The difference between manufacturing techni-
ques was statistically significant, with CAD-CAM-
milled crowns showing a higher mean fracture
resistance than additively manufactured crowns
(mean difference: 194.4 kgf [1906 N]; 95% ClI:
166.0-222.7 kgf [1628-2184 N]; P<.001) (Table 1).
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Table 1. Fracture resistance of interim crowns according to manufacturing technique and statistical

comparison between groups.

Manufacturing n Mean = SD,  Minimum, kgf Maximum, kgf Mean 95% P value
technique kgf (N) difference, Cl, kgf (N)
kgf (N)
CAD-CAM-milled 10  439.1+24.0 389.5 4711 194.4 (1906) 166.0-222.7 <.001
(4306 + 235) (1628-2184)
Additively manufactured 10 244.7 + 34.9 193.8 311.0 -
(2399 + 342)

SD, standard deviation; Cl, confidence interval. Newton values were calculated using the conversion factor 1 kgf=9.80665 N. The mean
difference was calculated as CAD-CAM-milled minus additively manufactured crowns. P value was calculated using the independent

samples t test.

DISCUSSION

The present study demonstrated signifi-
cantly higher fracture resistance for CAD-CAM-
milled interim crowns than for additively manufac-
tured crowns, leading to rejection of the null
hypothesis. This finding agrees with previous in
vitro studies reporting higher fracture resistance
or failure load values for CAD-CAM-milled interim
restorations than for additively manufactured
restorations (2,3,5,15). Similar investigations on
provisional crowns, fixed dental prostheses, and
resin-based CAD-CAM materials have also shown
that manufacturing technique can affect fracture
behavior and mechanical reliability (4,17,18).

The superior performance of CAD-CAM-
milled crowns may be explained by the structu-
ral characteristics of industrially prepolymerized
PMMA blocks, which provide a dense and homoge-
neous polymer network with reduced porosity and
improved structural integrity. These features may
allow more uniform stress distribution during
compressive loading and increase fracture resis-
tance (2,7,19). In contrast, additively manufactu-
red crowns are produced through layer-by-layer
photopolymerization, which may generate anisotro-
pic behavior and interfacial discontinuities, facili-
tating stress concentration and crack propagation
under loading (8-10). Although ceramic-filled and

nanohybrid resins have improved the mechanical
performance of printed materials, fracture resis-
tance may still be affected by resin composition,
printing orientation, layer thickness, postpolyme-
rization protocol, marginal adaptation, and aging
conditions (6,10-13).

Overall, these results support previous
evidence showing superior mechanical properties
for CAD-CAM-milled interim materials, including
greater fracture resistance, higher homogeneity,
reduced porosity, and improved flexural stren-
gth (2,3,5,15). However, the evidence remains
heterogeneous. Some studies have reported that
3D-printed provisional materials may approach or
even exceed milled PMMA when resin formulation,
build orientation, postcuring, and simulated clini-
cal conditions are optimized (6,14,16,20). There-
fore, the mechanical behavior of printed interim
restorations should not be interpreted only by
manufacturing category, but also by the specific
processing parameters used.

Clinically, CAD-CAM-milled interim crowns
may be preferable when greater mechanical relia-
bility is required, such as in patients with increa-
sed occlusal loading, extended provisionalization,
implant-supported restorations, or long-span provi-
sional prostheses (1,3,13). Additively manufactured
restorations may remain appropriate for short-term
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or low-load indications because of their efficiency,
reduced material waste, workflow flexibility, and
rapid fabrication (6,7). The present study is limited
by its in vitro design, which did not reproduce
thermal fluctuations, cyclic fatigue, humidity,
salivary exposure, or artificial aging conditions that
may affect fracture behavior in digitally fabricated
provisional restorations (5,8-10). In addition, only
one printed material and one printing technology
were evaluated. Future studies should include
fatigue loading, aging protocols, different additive
manufacturing systems, resin formulations, and
standardized testing configurations to better
assess the mechanical performance of interim
restorative materials.

CONCLUSIONS

CAD-CAM-milled PMMA interim crowns
demonstrated significantly higher fracture resis-
tance than additively manufactured ceramic-
filled nanohybrid resin crowns under compressive
loading. Within the limitations of this in vitro study,
manufacturing technique influenced the fracture
behavior of interim restorations, suggesting that
milled PMMA may be preferable when greater
mechanical reliability is required.
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