BJOS

Brazilian Journal
of Oral Sciences

Volume 25
2026
€260417

"Department of Orthodontics,
University Center of the Herminio
Ometto Foundation (FHO), Araras,
S&o Paulo, Brazil.

?Department of Prosthodontics
and Periodontology, Faculdade

de Odontologia de Piracicaba
(FOP), Universidade Estadual de
Campinas (UNICAMP), Piracicaba,
S&o Paulo, Brazil.

3Department of Oral Diagnosis,
Faculdade de Odontologia de
Piracicaba (FOP), Universidade

Estadual de Campinas (UNICAMP),

Piracicaba, Sdo Paulo, Brazil.

Corresponding author:

William Custodio

Department of Prosthodontics and
Periodontology,

Faculdade de Odontologia de
Piracicaba (FOP), Universidade
Estadual de Campinas (UNICAMP)
Av. Limeira, 901, Piracicaba,

Sé&o Paulo, 13414-903 Brazil.
Phone: +55 (19) 98101-4366
weust@unicamp.br

Editor: Dr. Altair A. Del Bel Cury

Received: July 14,2025
Accepted: December 10, 2025

http://dx.doi.org/10.20396/bjos.v25i00.8680417

Original Research

Physical and color
stability of PMMA
provisional crowns made
by conventional vs digital
methods: in situ study
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Barcaro de Souza? @, Evla Gabriela de Sousa Ramos?®,
Caroline Dini® @, William Custodio?

Aim: This cross sectional in situ study aimed to evaluate the
physical propertiesandcolor stability of polymethylmethacrylate
(PMMA)-based resins used in provisional crowns. Methods:
Twelve cubic specimens with 5mm edges of conventional
self-, heat-polymerized acrylic resins, 3D-printed, and CAD-CAM
milled PMMA resin were fabricated. Surface roughness, Knoop
microhardness, wettability, and color stability were evaluated.
Utilizing a split-mouth design, 8 cubes were randomly
placed in a palatal intraoral appliance worn by 12 volunteers.
Specimens were exposed to erosion extra-orally with 15 mL
of cola-based soft drink (Coca-Cola®) three times daily for
5 minutes over 7 days. Statistical analysis was performed
using one-way repeated measures ANOVA and Bonferroni
multiple comparison analysis (a = 0.05). Results: PMMA
resins exhibit comparable surface roughness and wettability
under non-erosive and erosive conditions (p>0.05). However,
self-polymerized and 3D-printed acrylic resins exhibited
significant differences in microhardness after exposure to the
erosive environment (p<0.05). CAD-CAM milled acrylic resins
showed superior color stability compared to the other resins
(p <0.05). The simulated erosive environment significantly
alters the physical properties and color of provisional crown
resins. Conclusions: These findings demonstrate that
heat-polymerized and CAD-CAM acrylic resins exhibit superior
behavior under non-erosive and erosive conditions, which may
indicate better clinical performance, especially when indicated
for longer-term use.

Keywords: Dental prosthesis. Computer-aided design. Tooth
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Introduction

Temporary fixed prostheses are essential in dentistry, used for dental rehabilita-
tion during the curative and transitional phases until the final prosthesis is made’.
Polymethylmethacrylate (PMMA) resin is one of the most used materials due to its
versatility and accessibility. However, it has clinical limitations such as higher rough-
ness compared to other materials, like indirect composite resin?. Fabrication of tem-
porary fixed prostheses in PMMA can be conducted using direct or indirect meth-
ods, each with its own characteristics and challenges, particularly when exposed to
the oral environment®.

With advancements in Digital Dentistry, new workflows have been developed for
PMMA-based resins used in temporary crown fabrication®. In the additive manufac-
turing digital workflow, the prosthetic component is designed using CAD software
and typically employs Digital Light Processing (DLP) technology to 3D-print, polym-
erizing liquid photosensitive resin using ultraviolet (UV) light®. Another approach is
subtractive CAD-CAM milling, which involves creating a digital model for the CNC mill-
ing machine to mill pre-polymerized PMMA blocks®. Studies indicate that resins from
the additive digital workflow exhibit lower flexural strength and hardness compared
to those used in conventional and subtractive processes*. Moreover, printed resins
show higher wear and microhardness, yet 3D-printed crowns demonstrate superior
mechanical properties compared to CAD-CAM milled PMMA resin, albeit with inferior
physical properties’®.

Dental erosion, characterized by acidic dissolution of dental tissue due to intrin-
sic (i.e., gastroesophageal reflux) and extrinsic factors (drug use, consumption
of acidic beverages), results in irreversible loss of dental mineralization and can
negatively impact restorative materials, including PMMA prostheses®. This ero-
sive environment has significant implications for the durability and functionality
of restorations, leading to changes in the mechanical and aesthetic properties of
provisional crowns®1°.

The intrinsic factors related to materials, such as chemical variations in resin sub-
strates and differences in manufacturing techniques (including polymerization
and post-curing), influence the physical properties and mechanical behavior of
provisional crowns, affecting their clinical performance' ™. Specifically, clinical
parameters of PMMA resins, such as roughness and color stability, are conten-
tious and affected by oral environment conditions®'°. Therefore, this study aimed
to evaluate the physical properties of provisional crown resins made using digital
(additive and subtractive) and conventional (direct and indirect) techniques under
erosive conditions.

Material and Methods

Experimental design

This double-blinded in situ study employed a split-mouth design with the follow-
ing study factors: (1) the type of substrate used for provisional crowns, compris-
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ing four levels (conventional self- and heat-polymerized polymethyl methacrylate
(PMMA), pre-polymerized PMMA blocks (CAD-CAM milled), and 3D-printed resin;
and (2) the erosive challenge, through exposure to the beverage Coca-Cola® at
two levels: no exposure (T0) and exposure (T1). The response variables evaluated
included surface roughness (Ra, um), Knoop microhardness (KHN, kgf/mm?2), wet-
tability, and color stability.

The study was approved by the Research Ethics Committee of the University Cen-
ter of the Herminio Ometto Foundation-FHO, registered under approval number
79382524.1.0000.5385. All participants provided written informed consent. A total of
12 individuals, all in good general and oral health, were selected. The inclusion criteria
required participants to be between 20 and 30 years, presence of at least 30 natural
teeth, absence of cavities or periodontal disease, and have a stimulated salivary flow
rate within the normal range of 1.0 to 3.0 mL/min. The exclusion criteria included: his-
tory of gastroesophageal reflux, the use of medications that affect salivary flow, and
the presence of a high-arched palate.

Preparation of experimental resin specimens

All specimens were fabricated in a cubic shape with 5 mm edges, following the man-
ufacturers’ recommendations, regardless of the workflow, substrate, or experimental
variable.

For the fabrication of the self-polymerized resin specimens, a prefabricated metal
mold with cavities corresponding to the final specimen dimensions was used. The
resin was proportioned and manipulated according to the manufacturer’'s recommen-
dations. For this purpose, a powder: liquid ratio of 3:1 was used, which was homoge-
nized with a metal spatula in a glass mixing jar. The resin was inserted into the metal
mold during its plastic phase and left for the polymerization time (10 min). After the
material polymerized, the specimens were removed from the metal mold.

The heat-polymerized resin specimens were fabricated using the lost-wax tech-
nique. For this, wax cubes (Geo Classic Wax - opaque mint, Renfert, Germany) were
created and cast in the same metal mold described previously. The wax cubes were
invested in a flask using dental stone (GC Fujirock, Luven, Belgium). After the stone
set, the wax was removed from the cavities using hot water to subsequently invest
the PMMA resin. The resin was manipulated in its plastic phase according to the
manufacturer's recommendations and inserted into the previously isolated flask
(Cel-Lac, SS White). The flask was then pressed (1000 kgf, for 2 hours) and sub-
jected to the conventional polymerization cycle: the temperature was raised to 70°C
and maintained for 30 minutes, then increased to 100°C for one and a half hours,
after which the heat was turned off. The flask was left to cool in water (to 40°C) for
approximately 20 minutes before devesting.

For the fabrication of the PMMA-based resin specimens by additive manufacturing
(3D printing), a biocompatible resin in shade A2 (PriZma, Makertech Bio Prov, Sdo
Paulo, Brazil) (Table 1) and a 3D printer (Flashforge 3D Printer, Hunter model, China)
were used. In this process, a metal mold was used to create a wax cube (Geo Clas-
sic Wax - opaque mint, Renfert, Germany) with 5 mm edges, which was coated with
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a developer spray (Spotcheck, SKD-S2) before being scanned by a desktop scanner
(Up3d, UP300e model, 2020, China). The resulting image was converted into an STL
file using the scanner’s software (Up 3D Dental Station). The final STL file was then
sent to the 3D printer, which planned and executed the printing of the specimens.

Table 1. Composition of the resins.

Self-polymerized Heat-polymerized

Resin type < . . - 3D-printed CAD-CAM milled
acrylic resin acrylic resin
PriZma, Makertech Primavita
Manufacturers Classico (shade 66) Classico (shade 66) Bio Prov, Brazil
(shade A2) (shade A2)
Acrylic liquid:
Acrylic liquid: Methyl Meth'yl'methacrylate, Mgnomers, Polymethacrylate,
Methacrylate Monomer, Inhibitor, EGDMA ollg_or_n'ers, EGDMA
DMT, CrossLink. (CFrlosinnk) a?d p;gx;nr:?sa;rj. biocompatible
iti uorescen
Composition Acrylic resin powder: stabilizers. .and ﬂuorescen_t
Methyl Ethyl Methacrylate Acrylic powder: Reaction pigments. Reaction
Copolymer, Peroxide, ~ Polymethylmethacrylate,  stabilizers and stabilizers and
Organic Pigments Benzoyl Peroxide, regulators. regulators.

Biocompatible pigments

After shaking the biocompatible liquid resin in shade A2, it was injected into the print-
er's tank, which initiated the 3D printing process. The process included a curing time
of 3 seconds, a base layer curing time of 15 seconds, with 85% light intensity and a
layer height of 0.05 mm, totaling 112 printed layers to form the designed structure.
Printing was performed using the stereolithography (DLP) method, with a wavelength
of 500 nm and a power of 50 W (Anycubic Photon S, Shenzhen Anycubic Technology
Co., Ltd., China). After printing, the specimens were carefully removed from the print-
er's metal build platform, manually detached from the support structures, washed
with isopropyl alcohol, and post-cured in a UV light chamber for 15 minutes (Anycubic
Wash and Cure Machine, Shenzhen Anycubic Technology Co., Ltd., China) to com-
plete the final curing step.

For the fabrication of the milled acrylic resin specimens, the same STL file used for
the printed resin was employed, opting for the PMMA acrylic block for the CAD/CAM
system (Primavita, Sdo Paulo, Brazil) in shade A2 (Table 1). This block was milled
by the Cerec Primemill milling machine (Dentsply Sirona, York, Pennsylvania, USA),
using diamond burs Diamond 1.4 CS, 1.2 CS, and Bur 2.5 PMMA CS (Dentsply Sirona,
Germany), at low speed and with constant irrigation, according to the planned dimen-
sions for each analysis.

The composition and brand of all PMMA resins used in this study are presented in
Table 1. After polymerization, the specimens were finished using a tungsten carbide
bur and then sequentially smoothed with silicon carbide abrasive paper (#320, #400,
#600, #800, and #1200). The specimens were then thoroughly rinsed with water. The
dimensions of each specimen were measured with a digital micrometer (Model 293-
421-20; minimum resolution: 0.00T mm; Mitutoyo, Kawasaki, Japan). After measure-
ment, the specimens were ultrasonically cleaned in distilled water for 10 min They
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were then rinsed again, immersed in distilled water, and stored at 37°C for 48 h's
Subsequently, the specimens were transferred to a 100% humidity environment main-
tained at 7°C under refrigeration until further use'. To ensure consistency, all groups
underwent the same finalization protocol, and all procedures were performed by a
single researcher. Complete blinding of the study was not possible due to the distinct
colors of the resins (66 and A2). However, we have ensured that the numerical cod-
ing of the samples was performed by a research assistant who was not involved in
the study objectives or the evaluation of the results to minimize bias. The schematic
diagram of the experimental design is detailed in Figure 1. Immediately prior (Base-
line) and following the in situ phase (Pos-exposure to saliva/erosive), the specimens
underwent a comprehensive evaluation of the following parameters:

Figure 1. Schematic diagram of the experimental design.

Surface Roughness

Surface roughness was quantitatively assessed using a Surfcorder SE 1700 profi-
lometer (Kosaka Laboratory Ltd., Tokyo, Japan). The instrument was calibrated to
operate at a constant scanning speed of 0.5 mm/s, with a measurement length of
0.8 mm and a resolution of 0.0007 um. The surface roughness values (Ra), expressed
in micrometers (um), were determined by calculating the arithmetic mean of three
independent measurements taken at different locations on each specimen to ensure
representative sampling’®.
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Knoop Microhardness

The evaluation of surface Knoop microhardness was conducted using a microdu-
rometer (Shimadzu, model HMV-2000, Kyoto, Japan). A Knoop diamond indenter was
used to create indentations on the specimen surface with a load of 25 grams for a
duration of 5 s’ Five indentations were made on each specimen, spaced 500 um
apart to prevent interaction between the measurement sites. The Knoop microhard-
ness (KHN) was calculated using the formula: KHN =[(14228c)/(d2)], where (14228)
is a constant, (c) is the applied load (25g), and (d) is the length (um) of the longest
diagonal of the indentation.

Wettability

The wettability was determined using the a Ramé-Hart 500 goniometer (Ramé-Hart
Instrument Co., NJ, USA). Sessile drops of 15 pL of distilled water were dispensed
onto the specimen surface using an automated dispensing system integrated with
the goniometer (Ramé-Hart Automated Dispensing System; Ramé-Hart Instrument
Co., NJ, USA). Images of the sessile drops were captured immediately after depo-
sition, and the contact angles were automatically calculated using the Ramé-Hart
DROPimage Standard software (Ramé-Hart Instrument Co., NJ, USA).

Color changes

Initial color measurements were carried out using a spectroradiometer (Easyshade
Advance -VITA, Vita Zahnfabrik, Germany). Spectral reflectance data was collected
for each specimen at wavelengths ranging from 380 to 780 nm at 5 nm intervals.
Thereafter, these measurements were converted into CIELAB parameters. The device
has previously demonstrated high validity and reproducibility in assessing the color of
dental restoration materials™ 1,

After collecting the baseline color, the specimens were placed in the intraoral devices
used by volunteers, as described in detail in the next section. The color change (AE)
of each specimen was determined19 by comparing the measurements performed
before and after exposure to saliva only or to saliva combined with an erosive solu-
tion (Coca-Cola). The L*, a* and b* values obtained were used to quantify the color
changes, calculated using the following formula:

AE = V(ALY + (Aa)? + (Ab)?

Where AL = L*f — L*i, Aa = a*f — a*i, and Ab = b*f — b*l; where i is referred to as the
initial color measurement and f as the final color measurement.

In situ erosive challenge

For the in situ phase, a custom-made intraoral device similar to a modified Hawley
retainer with eight cavities was fabricated to hold pre-labeled specimens®, mounted
with sticky wax in a split-mouth design to reduce bias. Only the surface of the right
hemiarch was exposed for the erosive challenge. The devices were disinfected with
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4% chlorhexidine, stored in water, and adjusted for fit. Volunteers were instructed to
clean the device three times a day, avoid eating or drinking while wearing it, and store
it in a moist environment. The devices were worn continuously, except during meals
and erosion procedures. For the erosive challenge, the intraoral device containing the
specimens was removed from the mouth, and the cavities corresponding to the ero-
sive group were immersed in 15 mL of Coca-Cola® for 5 minutes, three times daily for
7 days?'. The other hemiarch of the device, with the specimens from the control group,
was exposed exclusively to the volunteers’ natural saliva during use.

Statistical analysis

The data were assessed for normality using Shapiro—Wilk method. To compare the
different restorative materials and to verify the influence of evaluation time (baseline,
saliva or treatment) on the response variables (physical properties and color stabil-
ity variables), one-way repeated measures ANOVA was performed. Multiple pairwise
comparisons were examined with the Bonferroni post-hoc test. A mean difference
significant at the 0.05 level was used for all tests. Statistical analyses were performed
with statistical software (IBM SPSS 26).

Results

The results of the physical properties of the specimens, both prior to (baseline) and
following the in situ phase for the specimens subjected and not subjected to erosive
challenges, is presented in Figure 2. No statistically significant differences in surface
roughness were observed based on the type of resin neither between the different
erosive and non-erosive exposure solutions (p > 0.05). Regarding microhardness, no
statistically significant differences were observed for resins exposed to non-erosive
environment (saliva). Conversely, significant differences were observed for self-polym-
erized acrylic resin and 3D-printed acrylic resin (p < 0.05), which showed a reduction
in microhardness after exposure to erosive environment compared to the heat-po-
lymerized acrylic resin and CAD-CAM milled acrylic resin. In the presence or absence
of an erosive challenge, wettability presented no significant differences between the
different types of resin and at both saliva and erosive conditions exposure.
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Figure 2. Physical properties by group (n = 12) and timepoints: (a) Specimens roughness (Ra) at baseline and
after exposure to saliva and at baseline and after exposure to erosive environment; (b) Roughness (Ra) for
specimens after exposure to saliva versus erosive environment; (c) Specimens microhardness at baseline
and after exposure to saliva and at baseline and after exposure to erosive environment; (d) Microhardness
for specimens after exposure to saliva versus erosive environment; (e) Specimens wettability at baseline
and after exposure to saliva and at baseline and after exposure to erosive environment; (f) Wettability for
specimens after exposure to saliva versus erosive environment. Capital letters compare the same surface
at different moments. Lower case letters compare different surfaces within the same moment of evaluation
(baseline, saliva, erosive environment).

The statistical analysis of the luminosity values (L*) showed that the different mate-
rials have different degrees of luminosity (Figure 3a, 2b). Considering the color mea-
surements for the baseline and after exposure to the oral environment with and
without an erosive condition PMMA resins showed increased luminosity after saliva
and erosive solution exposure compared with the baseline analysis. For a* values
indicating red-green color components (Figure 3¢, 2d), positive values character-
izing the red component were higher for self-polymerized PMMA and 3D printed
PMMA. After exposure to the oral environment with and without an erosive con-
dition, the red-green color components showed significant differences compared
with baseline analysis for all resin types (p < 0.05). Yellowish appearance repre-
sented by b* values was higher for self-polymerized PMMA, followed by CAD-CAM
milled PMMA, 3D printed PMMA, and heat-polymerized PMMA surfaces (p < 0.05)
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(Figure 3e, 2f). Exposure to the oral environment with and without an erosive did not
change the yellowish appearance of the evaluated surfaces. The results obtained
for color change are observed in Figure 3g. As regards the AE values, CAD-CAM
milled PMMA showed lower color changes compared to the other resin tested at
both conditions erosive and non-erosive environment exposure.

Figure 3. L*, a*, b*, and AE values by group (n = 12) and timepoints: (a—f) L*, a*, b* at baseline and after
non-erosive/erosive exposure; (g) AE between baseline and post-exposure. Capital letters compare the
same surface at different moments. Lower case letters compare different surfaces within the same moment
of evaluation (baseline, saliva, erosive environment).
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Discussion

The resistance of provisional crowns to erosion and chemical degradation is a criti-
cal determinant of their clinical performance, underscoring the importance of under-
standing resin behavior under erosive conditions to guide material selection. In this
study, microhardness and color stability varied by resin type, and the simulated ero-
sive environment affected both conventional and digital flow resins.

In this study, after the polishing protocol, surface roughness was consistently obtained
across all experimental groups, ensuring consistent initial roughness values. Interest-
ingly, it was observed that the exposure to a non-erosive oral environment resulted in
no significant reduction in surface roughness across all resin types. The results for
the erosive conditions can be explained by the exposure method used. The dropping
of erosive solutions allowed only a short period of exposure, which was designed to
simulate the brief, repetitive acidic challenges in the oral cavity. While this may not
have been enough to change the roughness of the surfaces, it indicates a high initial
resistance of the materials to such discrete erosive events.

Previous studies have established a strong correlation between surface rough-
ness and other physical properties of PMMA acrylic resins, such as hardness??%.
CAD-CAM milled resins, known for their denser and more homogeneous struc-
ture, typically demonstrate superior resistance to chemical erosion and wear com-
pared to other resins used in different fabrication workflows?3. In this in situ study,
self-polymerized PMMA and 3D-printed PMMA specimens exhibited a significant
reduction in microhardness after exposure to erosive environment. The lower
physical stability of these resins is likely attributable to their comparatively lower
degree of conversion, resulting in a higher concentration of unreacted monomers
and a less densely cross-linked matrix that is more susceptible to hydrolytic deg-
radation in erosive environments. The stability of microhardness observed in all
PMMA substrates following salivary exposure suggests a comparable resistance
to chemical degradation within the oral environment. This integrity is attributed to
the material's intrinsic compositional stability. The polymer’s hydrolysis-resistant
carbon-carbon structure, coupled with low water sorption and solubility, exhibits
behaviors consistent between conventional and additive-manufactured PMMA,
mitigating significant hydrolytic degradation. Furthermore, because these PMMA-
based resins formulated for provisional restorations lack labile silicate fillers and
susceptible coupling agents, primary chemical degradation pathways may be
diminished, collectively preserving surface microhardness?.

Knoop microhardness is a key indicator of a material’s surface mechanical proper-
ties, reflecting its surface stability and resistance to near-surface plastic deforma-
tion. The stability of microhardness values in this study indicates that the tested
PMMA substrates maintained their surface integrity against the erosive challenges
applied?®. This observation aligns with the hypothesis that the hydrolysis of ester
radicals in PMMA monomers, which could potentially weaken the resin matrix,
did not occur to a significant extent under the experimental conditions employed.
This may be attributed to the inherent chemical stability of PMMA resins, which
limits the extent of hydrolytic degradation even in acidic environments?. Further-
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more, the stability of microhardness across resin types highlights the importance
of considering specific experimental conditions, such as the duration and intensity
of exposure to erosive agents. These factors play a critical role in determining
the extent of PMMA substrate degradation and must be carefully considered to
ensure clinically relevant conclusions.

The present findings indicated that wettability presented no significant differ-
ences between the resin types under either salivary or erosive conditions. This
result aligns with the fundamental surface properties of methacrylate-based poly-
mers. PMMA is characterized as a weakly polar substrate with low surface-free
energy, which generally confers a baseline hydrophobicity and reduces its interac-
tion with polar liquids®. The lack of significant variation observed across groups
suggests that the different resin formulations, whether conventional or digitally
manufactured, share this core physicochemical characteristic. Consequently, the
similar wettability profiles indicate that all tested materials would be expected
to exhibit comparable initial biological responses, such as salivary pellicle for-
mation and biofilm adhesion, regardless of the chemical challenge. This surface
property homogeneity is a favorable finding, as the inherent hydrophobicity of
these PMMA resins may contribute to their clinical performance by minimizing
fluid-mediated degradation.

Concerning color stability, CAD-CAM milled PMMA resins have shown lower color
changes. Notably, 3D-printed and CAD-CAM milled PMMA resins have been estab-
lished as a benchmark for superior surface topography?’. Indeed, resins such as
self-polymerized PMMA and 3D printed PMMA may show greater color changes due
to the higher content of residual monomers?, as well as the presence of different
types of pigment. These factors may be associated with both the lower color stability
observed and the lower microhardness identified after exposure to the erosive envi-
ronment. Finally, the results should be interpreted with caution, as they were obtained
under controlled conditions with a specific erosive agent. Future in situ studies and
clinical trials are needed to validate the findings and improve PMMA resin perfor-
mance in more realistic oral environments.

Under the conditions of this study, heat-polymerized and CAD-CAM acrylic res-
ins demonstrated superior color stability compared to self-polymerized and
3D-printed resins when exposed to erosive and salivary environments. As no sig-
nificant differences in microhardness were found among the materials, their clini-
cal performance for longer-term use may be primarily influenced by this enhanced
resistance to discoloration.
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