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Abstract
Objectives: To evaluate the effects of different solutions, surface treatments, and repair  
materials on the shear bond strength (SBS) between aged 3D-printed provisional materials 
and repair materials.

Methods: This study printed samples with 3D-printed resin and divided them into 16 groups 
(n=10): non-immersion and three solutions (40% ethanol, heptane, and cola) × two sur-
face treatments (no abrasion [NA] and sandpaper and sandblasting [SP&SB]) × two repair  
materials (Poly(methyl methacrylate) [PMMA] and bis-acryl). The samples were immersed 
in the solutions for six days and then surface-treated. Nine samples were randomly selected 
for surface examination, including surface roughness, surface characteristics, and con-
tact angle. Then, they were bonded with the repair materials, followed by 2,500 cycles of 
thermocycling. SBS was determined using a universal testing machine, and failure modes 
were determined by stereomicroscope. A three-way ANOVA was conducted to evaluate the 
effects of the solution, surface treatment, and repair material on SBS. SBS, surface rough-
ness, and contact angle were compared among groups using one-way ANOVA, followed by  
post-hoc Tukey’s tests.

Results: The three-way ANOVA analysis revealed a significant interaction among solu-
tions, surface treatments, and repair materials (p<0.05). The mean SBS did not differ  
significantly between immersed and non-immersed groups. Among the solutions, sur-
face treatments, and repair materials, SBS significantly increased after SP&SB surface 
treatment (p<0.05) and was significantly higher in the bis-acryl group than in the PMMA 
group (p<0.05). Cohesive failure was primarily observed when SP&SB and/or bis-acryl 
was applied. The mean Ra and contact angle were significant different after applied 
SP&SB (p<0.05). Additionally, SP&SB groups exhibited an irregular surface with multiple  
porosities.

Conclusions: The solutions alone did not significantly affect the SBS between aged 3D-printed  
provisional materials and two repair materials. However, SBS differed significantly after 
SP&SB treatment of the aged 3D-printed provisional materials and/or when they were repaired 
with bis-acryl.
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Introduction
	 The fabrication of the provisional restoration is one 
of the essential procedures in fixed prosthodontics treat-
ment. For patients requiring full-mouth rehabilitation, 
especially those with parafunctional habits, long-term 
provisional restorations are crucial for comprehensive-
ly evaluating occlusion, function, and aesthetics over  
several months.(1,2) Provisional restorations must be dura-
ble but easily repairable since they may be worn or broken  
down due to prolonged use and functional forces.(3)  
Previously, provisional restorations were fabricated using 
conventional techniques, which had several drawbacks, 
including residual monomer, heat from exothermic reac-
tions, and shrinkage after polymerization.(4) Currently, 
provisional restorations are commonly fabricated using 
computer-aided design (CAD) and manufacturing (CAM) 
technology. The CAD/CAM approach offers various ad-
vantages, including reduced material and manufacturing 
errors, shorter processing times, and decreased material 
usage.(5,6)

	 With CAD/CAM technology, provisional prostheses 
are fabricated using two techniques: subtractive manu- 
facturing (SM) and additive manufacturing (AM) or 
3D-printed technology.(7) In SM, a prefabricated block is 
milled using computer-controlled milling tools. However, 
this technique has drawbacks, such as challenges with 
recycling waste materials and addressing inaccessible 
areas due to the limited radius of the milling tool.(1,7,8) In 
contrast, AM involves building the material layer by layer, 
allowing more complex shapes to be produced, elimi-
nating the wear of milling burs, and reducing material  
consumption.(1) Previous studies have found that the  
mechanical properties of 3D-printed provisional material 
were greater than those of poly(methyl methacrylate) 
(PMMA) and milled PMMA.(9-12) The accuracy of the 
3D-printed provisional crown was comparable to SM and  
superior to the conventional technique.(13,14) Furthermore, 
Jain et al.,(15) demonstrated that 3D-printed provisional  
material was an alternative to long-term provisional  
material.
	 Long-term provisional restorations are subjected 
to biodegradation due to various contributing factors, 
including exposure to saliva, chemical components in the 
diet, and diverse mechanical and thermal stresses.(16-18) 
In vitro studies apply food-stimulating agents (FSAs) 
according to the US Food and Drug Administration stan-

dards to simulate the effects of food and beverages.(19) 
FSAs function as plasticizers by penetrating the polymer 
matrix and increasing intermolecular spacing, contribut-
ing to the enlargement and dissolution of polymer chains, 
thereby degrading the mechanical and physical properties 
of provisional materials.(20-23) Additionally, a previous 
study has found that acidic beverages can deteriorate the 
fracture resistance of bis-acryl composite crowns.(24) The 
biodegradation of provisional materials may also be initi-
ated by fatigue caused by the relatively low but repetitive 
forces generated during normal chewing.(16) Physiologic 
occlusal forces in natural dentition and parafunctional 
habits, such as bruxism and nocturnal forces, typically 
range from 200 to 900 N; which is sufficient to deteri-
orate provisional crowns.(25,26) Furthermore, Luthardt  
et al.,(27) evaluated the clinical outcomes of 64 bis-acrylic 
provisional restorations in 32 patients, reporting fractures 
in four cases after a mean duration of 37.5 days. Therefore, 
chairside repairs remain necessary in clinical practice.
 	 When repairing provisional materials, surface prepa-
ration prior to bonding has been recommended to enhance 
bond strength, as aged restorations exhibit fewer free  
radicals, fewer free carbon double bonds, and greater  
water absorption.(28,29) Mechanical surface treatments, 
such as sandblasting with aluminum oxide and grind-
ing with a carbide bur, have been shown to increase the 
bond strength between 3D-printed materials and repair  
materials.(30-33) However, there is controversy regard-
ing different repair materials. Monomethacrylates and  
dimethacrylates have frequently been used for the chair-
side repair of conventional provisional crowns.(34) Pre-
vious studies have reported that 3D-printed provisional 
materials had greater shear bond strength (SBS) with 
bis-acryl than PMMA.(31,35) However, Palavicini et al., 
reported the opposite.(36) Nonetheless, the effects of sur-
face treatments and repair materials on SBS between aged 
3D-printed provisional material and repair material have 
not been well established. Therefore, this study aimed to 
investigate the SBS between aged 3D-printed provisional 
material and repair materials, considering the effects of 
solutions, surface treatments, and repair materials. The 
first hypothesis was there was no significant different 
in SBS between repair materials and aged 3D-printed 
provisional after immersed in different solutions. The 
second was there was no significant difference in SBS 
between repair materials and aged 3D-printed provisional 
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restorations, regardless of whether surface treatment is 
applied. The third hypothesis was there was no significant  
difference in SBS among different types of repair  
materials.

Materials and Methods
	 This study used digital light processing (DLP) 
3D-printed provisional material and two repair materials. 
Their details are provided in Table 1, and the experimental 
design is illustrated in Figure 1.

Table 1: Description of the 3D-printed provisional material and repair materials. 

Material Manufacturer Composition Type Lot. number
NextDent C&B MFH NextDent B.V., Soester-

berg, Netherlands
Not applicable. UV-light 

cured resin
WT162N03

UNIFAST™ Trad 
(PMMA)

GC America, Inc. Powder: poly((ethyl methacry-
late)-co-(methyl methacrylate)) 
poly(methyl methacrylate), dibenzoyl 
peroxide, titanium dioxide, iron(III) 
oxide, cellulose acetate
Liquid: Methyl methacrylate, N,N 
dimethyl-p-toluidine.(37)

Self-cure resin 2212271

Protemp™ 4
(Bis-acryl)

3M ESPE, St. Paul, 
MN, USA

Catalyst Paste: ethanol, 2,2’-((1-meth-
ylethylidene) bis(4,1-phenyleneoxy)) 
bis-diacetate, benzyl-phenyl-barbituric 
acid, silane treated silica, tert-butyl 
peroxy- 3,5,5-trimethylhexanoate
Base Paste: dimethacrylate (Bis-EMA 
6), silane-treated amorphous silica, 
reaction products of 1,6-diisocyanato-
hexane with 2-((2-methacryloyl) ethyl) 
6-hydroxyhexanoate and 2-hydroxyeth-
yl methacrylate, silane-treated silica.(37)

Self-cure resin 9169729

Figure 1: The experimental design. 

	 Sample size calculation
	 G*power software (version 3.1.9.7; Heinrich- 
Heine-Universität Düsseldorf, Düsseldorf, Germany) was 
used to determine the sample size. The effect size was 
determined from the pilot study, with a value of α=0.05 
and a power of 0.95. The sample size was calculated to 
be 8, but in order to account for potential variability, this 
study elects to include 10 samples. 
	 Sample preparation
	 The cylindrical shaped specimens were digitally 
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designed using CAD software (Thinkercad, version 2024; 
Autodesk, Inc., San Francisco, CA, USA) with a diame-
ter of 8 mm and thickness of 12 mm and exported in the 
Standard Tessellation Language (STL) format. Next, the 
STL files were transferred into the CAM software (3D 
Sprint; 3D Systems, Rock Hill, SC, USA). Then, 232 
samples were printed in 50-μm layers with a 0° angle 
using photopolymerized resin (NextDent C&B MFH; 
NextDent B.V., Soesterberg, Netherlands) and a DLP 3D 
Printer (5100 3D Printer; NextDent B.V., Soesterberg, 
Netherlands). Next, the support structures were removed, 
and the specimens were cleaned with 91% isopropanol. 
Then, they were post-polymerized in a UV oven (LC-
3DPrint Box; NextDent B.V., Soesterberg, Netherlands) 
for 40 minutes to promote the completion of the curing 
process. Finally, the samples were immersed in glycerin 
to complete the reaction of the remaining monomer. After 
fabrication, each sample’s average surface roughness (Ra) 
was assessed using a contact profilometer (Surftest SJ-
310; Mitutoyo, Kanagawa, Japan) to achieve a consistent 
surface roughness.
	 Aging processes of 3D-printed provisional materials
	 The 232 samples were categorized into four solution 
treatment groups (n=58/group): no immersion (None) 
and immersion in 40% ethanol (Eth), heptane (Hep), or 
cola. Here, 40% ethanol represented alcoholic beverages; 
heptane represented vegetable oils, butter, and meat-based 
oils; and cola represented acidic drinks. The samples were 
immersed in 200 mL of the solution for six days, corre-
sponding to six months of intraoral use(38), in an incubator 
at 37°C to mimic oral cavity conditions. The pH was 
measured before and after immersion. The solutions were 
changed daily to avoid contamination. After six days, the 
samples were rinsed with distilled water and dried.
	 Surface treatments
	 The samples in each solution treatment group were 
divided into two surface treatment subgroups (n=29/
group): no abrasion (NA) and grinding with 220 grit 
sandpaper (DCC waterproof abrasive paper; TOA, Thai-
land) followed by sandblasting with 50 µm aluminum 
oxide (SP&SB) using an airborne-particle abrasion device  
(Basic Classic Fine Sandblasting Unit; Renfert,  
Germany) for 10 seconds at a pressure of 0.2 MPa, main-
taining 10 mm from the sample’s surface. Then, the  
samples were subjected to ultrasonic cleaning in dis-
tilled water for five minutes to remove debris generated 

during the surface treatment process. Then, nine sam-
ples from each group were randomly selected for surface 
examination by scanning electron microscopy (SEM; 
fourth-generation VEGA; TESCAN, Czech Republic), 
surface roughness measurement using a contact profilo-
meter (Surftest SJ-310; Mitutoyo, Kanagawa, Japan), and 
contact angle measurement using a contact angle meter 
(KINO, Boston, MA, USA).
	 Repair procedures
	 The remaining 20 samples in each surface treatment 
subgroup were further divided into two repair material 
subgroups (n=10/group): PMMA and bis-acryl. According 
to the ISO 29022:2013 standards, the procedure used a 
stainless steel (SS) mold measuring 3 mm in diameter and 
height, with the unexposed areas protected by masking 
tape. PMMA and bis-acryl were prepared according to 
the manufacturer’s instructions. Next, the material was 
injected into the SS mold until it was completely filled 
and covered with a microscope glass slide. Polymeriza-
tion was allowed to proceed for five minutes. Then, the 
SS mold and masking tape were removed and wiped with 
gauzed-soak alcohol to eliminate the smear layer formed 
by atmospheric oxygen. All specimens were immersed in 
distilled water at 37°C for a duration of 24 hours before 
thermocycling.
	 Thermocycling
	 Artificial aging was performed using a thermocy-
cling system (HWB332R, CWB332R, TC301) designed 
to replicate the temperature fluctuations experienced in 
the oral cavity. Thermocycling was conducted for 2,500 
cycles, alternating the temperature between 5°C and 55°C, 
with a dwell time of 30 seconds at each temperature. This 
process simulates the thermal conditions that occur in 
the oral cavity over three months.(39) The samples were 
immersed in distilled water at 37°C for 24 hours before 
measuring the SBS.
	 SBS and failure mode analysis
	 The samples were mounted into a testing jig com-
patible with a universal testing machine (model 5566; 
Instron, Norwood, MA, USA). Next, they were exposed to 
shear forces using a flat blade at a crosshead speed of 1.0 
mm/min until failure occurred. The bond strength values 
(MPa) were determined by dividing the failure load (N) 
by the surface area of the cylindrical specimen (mm²), as 
shown in the formula below. Then, the specimens were  
analyzed by optical microscope (Eclipse 50i; Nikon,  
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Tokyo, Japan) to determine the failure mode, which was 
classified into adhesive, mixed, and cohesive failure.  
Adhesive failure was defined when less than 10% of the 
repair resin remained. When over 50% of the temporary 
base material fragmented, cohesive failure was identified. 
Mixed failure served as the intermediary between the two 
failure modes.(31) 5 samples of each failure modes were 
randomly selected for analysis the surface characteris-
tic by scanning electron microscope analysis (TESCAN  
VEGA’s 4th, TESCAN, Czech Republic)
	 σ (MPa) = F / A, where F is the load at failure (N), 
and A is the repaired surface area (mm2).
	 Statistical analysis
	 Each group’s SBS (MPa), surface roughness (Ra), 
and contact angle were calculated and are reported as the 
mean±standard deviation. The data were analyzed using 
SPSS Statistics (version 25.0; IBM, Corp., Armonk, NY, 
USA). The effects of the solution, surface treatment, and 
repair material on SBS were examined using a three-way 
analysis of variance (ANOVA). The SBS, surface rough-
ness, and contact angle were compared between groups 
using one-way ANOVA with post-hoc Tukey’s tests. A 
p<0.05 was considered statistically significant.

Results
	 The three-way ANOVA analysis showed a signifi-
cant interaction among the three factors—solution, sur-
face treatment, and repaired material (p<0.05; Table 2).  
Additionally, there were significant interactions between 

solution and surface treatment (p<0.001; Table 2), and 
between solution and repaired material (p<0.05; Table 2). 
The interaction between surface treatment and repaired 
material was also significant (p<0.001; Table 2).
SBS
	 The mean and standard deviation of the SBS (MPa) 
between aged 3D-printed provisional material and repair 
materials, along with the p-values, were demonstrated in 
Table 3. 
	 The mean SBS was greatest for aged 3D-printed 
provisional material immersed in 40% ethanol, followed 
by SP&SB surface treatment and repair with bis-acryl 
(Eth/SP&SB/Bis-acryl; 49.08±2.40 MPa) and lowest for 
aged 3D-printed provisional material immersed in 40% 
ethanol, followed by NA surface treatment and repaired 
with PMMA (Eth/NA/PMMA; 9.99±2.11 MPa).
	 The mean SBS did not differ significantly between 
the None/NA, Eth/NA, Hep/NA, and Cola/NA groups, 
regardless of the repair material. However, the mean 
SBS was significantly higher in the SP&SB group than 
in the NA group, regardless of the repair material and 
solution. In addition, the mean SBS was significantly 
higher in the NA/Bis-acryl group than in the NA/PMMA 
group. Similarly, the mean SBS was significantly greater 
in the SP&SB/Bis-acryl group than in the SP&SB/PMMA 
group.
	 Following SP&SB, the mean SBS differed signifi-
cantly between the Eth/SP&SB/Bis-acryl group and the 
None/SP&SB/Bis-acryl group. Similarly, the mean SBS 

Table 2: The three-way ANOVA analysis the effect of 3 factors: solutions, surface treatment and, repaired materials on SBS (MPa) with 
significant level of p<0.05.

Tests of between-subjects effects
Dependent variable: shear bond strength

source Type III Sum 
of Squares

df Mean square F Sig.

Corrected model 21132.659 15 1408.844 131.399 .0000
intercept 100560.784 1 100560.784 9379.033 .0000
Surface treatment 13684.081 1 13684.081 1276.277 .0000
Repair material 6025.789 1 6025.789 562.010 .0000
solution 116.018 3 38.673 3.607 .015
Surface treatment*repair material 482.122 1 482.122 44.966 .000
Surface treatment*solution 642.803 3 214.268 19.984 .000
Repair material*solution 87.107 3 29.036 2.708 .047
Surface treatment*repair material*solution 94.731 3 31.577 2.945 .035
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Table 3: The mean and standard deviation of SBS (MPa) by solution, surface treatment, and repair material. 

Solution
PMMA Bis-acryl

NA SP&SB NA SP&SB
None 12.70±2.62a 24.05±4.01c,d,e 22.89±2.77b,c,d 38.00±1.82f

Eth 9.99±2.11a 28.41±4.30e 18.64±1.40b 49.08±2.40g

Hep 10.91±2.36a 26.83±4.85d,e 19.57±2.67b,c 41.58±3.41f

Cola 12.11±3.35a 26.49±4.52d,e 19.78±4.46b,c 40.10±2.76f

Each same superscript letter indicates no significant difference between groups at p>0.05.; None: no immersion; Eth: 40% ethanol; Hep : 
heptane; PMMA: Poly(methyl methacrylate); NA: no surface treatment; SP&SB: sandpaper and sandblasting.

was greatest in the Eth/SP&SB/PMMA group, followed 
by the Hep, Cola, and None groups, regardless of the 
repair material. 
Failure modes
	 The failure modes observed in each experimental 
group are illustrated in Figure 2. Regardless of the solu-
tion applied. The SP&SB/Bis-acryl groups predominantly  
exhibited cohesive failure, whereas the NA/PMMA and 
NA/Bis-acryl groups primarily demonstrated adhesive 
failure. However, the None/NA/Bis-acryl group pre- 
dominantly showed mixed failure and the SP&SB/ 
PMMA groups exhibited a predominance of mixed failure 
as well. SEM images of the failure modes are presented 
in Figure 3.

Figure 2: Distribution of failure modes in each experimental group.

SEM micrographs
	 SEM images of the 3D-printed provisional materials 
are presented in Figure 4. The surface showed a smooth 
layer of printed polymer in the None group (Figure 4A). 
However, the surface exhibited a more irregular, visi-
bly dissolved morphology and distinct polymer beads in 
the Eth, Hep, and Cola groups (Figure 4 B-D). Figure 5 
shows visible crazing lines (arrows) on the surface in the 
Eth groups. The surface showed homogenous multiple 
porosities and irregularities in the SP&SB groups (Figure 
4E-H). The surface in the Eth/SP&SB groups showed 
greater morphological variation, characterized by varied 
sizes and shapes, numerous porosities, and a distinctly 
roughened surface (Figure 4F).
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Figure 3: SEM micrographs of each failure mode. (A) Adhesive failure; (B) mixed failure; (C) cohesive failure.

Figure 4: SEM micrographs of specimens treated with each solution and surface treatment (magnification: 5.00 kx). (A) None/NA; (B) Eth/
NA; (C) Hep/NA; (D) Cola/NA; (E) None/SP&SB; (F) Eth/SP&SB (arrows indicate numerous porosities); (G) Hep/SP&SB; (H) Cola/SP&SB.

Surface roughness
	 The mean and standard deviation of surface roughness 
(μm) are presented in Table 4. The mean Ra was highest  
in the Eth/SP&SB group (3.48±0.30 μm) and lowest in 
the None/NA group (0.96±0.06 μm). Comparing the mean 
Ra between surface treatments, it was significantly higher 
in the SP&SB groups than in the NA groups. However, 
mean Ra showed no significant difference between the 
NA groups among solutions.
Contact angle
	 The mean and standard deviation of the contact  
angle are presented in Table 4. In all solutions, the contact 
angle was significantly lower in the SP&SB subgroup Figure 5: An SEM micrograph of a specimen in the Eth group 

(magnification: 2.00 kx). The arrows indicate crazing line.
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Table 4: Mean and standard deviation of surface roughness (Ra) and contact angle by solution and surface treatment.

Solution
Surface roughness (Ra) Contact angle

NA SP&SB NA SP&SB
None 0.96±0.06a 2.01±0.23b 96.04±1.22g 82.26±2.36e,f

Eth 1.17±0.15a 3.48±0.30c 92.84±2.56g 73.70±3.21d

Hep 1.45±0.08a 2.36±0.04b 90.74±1.03g 78.18±1.06d,e

Cola 1.29±0.03a 2.1±0.23b 89.10±4.31g 80.06±2.86d,e

Each same superscript letter indicates no significant difference between groups at p>0.05.; None: no immersion; Eth: 40% ethanol; Hep: 
heptane; PMMA: Poly(methyl methacrylate); NA: no surface treatment; SP&SB: sandpaper and sandblasting.

compared to the NA subgroup. Among the SP&SB groups, 
the contact angle was the lowest in the Eth/SP&SB group 
(82.26±2.36), differing significantly from the None/
SP&SB group. However, the contact angle did not differ 
significantly between solutions among the NA groups.

Discussion
	 Our study investigated the effects of solutions, sur-
face treatments, and repair materials on the SBS between 
3D-printed provisional materials and repair materials. 
According to the result. The first hypothesis was accepted, 
while the second and third one were rejected.  
	 It demonstrated that solutions alone did not signifi-
cantly impact the SBS between the 3D-printed provisional 
material and repair materials. In contrast, previous studies 
have reported that FSAs affected the hardness, flexural 
strength, and surface roughness of conventional provi-
sional materials.(22,40,41) Additionally, FSAs were found 
to decrease the SBS between the conventional denture 
base and hard reline material.(20) Our study found that the  
surface roughness and contact angle of aged 3D-printed 
provisional materials did not differ significantly between 
the Eth, Hap, and Cola groups and the None group. More-
over, previous studies showed that the surface morphol-
ogy of 3D-printed denture base materials demonstrated 
superior chemical stability compared to conventional 
and milled denture base materials.(32,42,43) Furthermore, 
the uppermost part of the 3D-printed provisional material 
showed greater polymerization than its foundation.(44)

	 In our study, SBS did not differ significantly  
between the Cola and None groups, consistent with previous  
studies.(20,21) The corrosive effects of acids are determined 
by their pH and pKa; a lower pKa signifies a stronger acid 
with an enhanced ability to donate protons.(45) Fatemi  
et al.,(20) found that acetic acid did not significantly affect 
the SBS between a conventional denture base and hard 

reline material. Similarly, citric acid is a weak acid with 
a relatively high pKa. Therefore, it was expected to have 
a negligible effect on the SBS of the materials.(20) In our 
study, phosphoric acid, the main acid in cola, is also a 
weak acid. Therefore, it might only slightly affect the 
surface roughness and integrity of 3D-printed provisional 
materials.
	 Whether repaired with PMMA or bis-acryl, the SBS 
and surface roughness differed significantly between  
the SP&SB and NA groups, consistent with previous 
studies.(31,35,43,46,47) SEM images also demonstrated a 
roughened surface with porosities. Grinding the surface 
with 220-grit sandpaper resembled using a carbide bur 
to eliminate contaminated surfaces that contain fewer 
free radicals.(48) Sandblasting promoted an irregular sur-
face and increased the surface bonding area, enhancing 
micromechanical retention.(30) Furthermore, the contact 
angle significantly decreased after SP&SB, resulting in 
increased surface wettability, which facilitates the pene-
tration of repair materials into the substrate. Moreover, the 
failure mode after SP&SB was predominantly cohesive 
failure. These results demonstrated that SP&SB was a 
reliable and effective technique for enhancing the SBS of 
aged 3D-printed provisional materials.
	 In our study, the mean SBS was highest in the Eth/
SP&SB group among solutions, whether repaired with 
PMMA or bis-acryl. Moreover, SBS differed significantly 
between the Eth/SP&SB/Bis-acryl group and the None/
SP&SB/Bis-acryl group. Previous studies have reported 
that ethanol caused a greater reduction in the mechanical 
properties of the provisional material than heptane since it 
exhibited a stronger plasticizing effect.(20,22,40) Solutions 
penetrated the interface layer due to the printed structure, 
where the interlayer bonding was weaker than the intra-
layer bonding, leading to the dissolution of the polymer 
chains.(44,49,50) As shown in the SEM images (Figure 5), 



Oral Sci Rep: Volume 47 Number 1 January-April 2026 43

crazing lines were observed at the interface layer due to 
ethanol’s plasticizing effect, compromising the structural 
integrity and potentially increasing susceptibility to pres-
sure from sandblasting. Furthermore, previous studies  
have indicated that ethanol is a more effective poly-
mer solvent for conventional provisional materials than  
heptane, as their solubility parameters are closer.(15,23,24) 
However, the solubility of 3D-printed materials has been 
insufficiently studied.
	 The SBS was significantly higher in the bis-acryl 
group than in the PMMA group within the same solu-
tions and surface treatments, consistent with previous  
studies.(31,51) Jeong et al.,(31) reported that bis-acryl com- 
posites could achieve complex polymerization with 
3D-printed resins. In contrast, 3D-printed resins are 
composed of photopolymerized resins with bifunctional  
monomers, which do not copolymerize with methyl meth-
acrylate monomers.(52) Moreover, bis-acryl composites 
use an automix system that ensures a consistent mix-
ture and minimizes the risk of air bubbles, resulting in 
fewer flaws and porosities.(51,53) The optimal SBS was 
also achieved when the repair materials had comparable 
chemical composition to the substrates.(54) The 3D-printed 
resin was primarily composed of ethoxylated bisphenol 
A dimethacrylate, urethan dimethacrylate, and bisphenol 
A-glycidyl methacrylate (Bis-GMA).(55,56) In addition, 
bis-acryl and Bis-GMA composites share similar chem-
ical structures.(57) Therefore, the chemical composition 
of 3D-printed provisional resins might be more similar 
to bis-acryl composites than to conventional PMMA. 
similarity was further supported by the predominantly 
cohesive failures found in bis-acryl groups. 
	 Based on the three-way ANOVA, an interaction 
was observed between solutions, surface treatments, and  
repair materials. The SBS was greatest in the Eth/SP&SB/
Bis-acryl group and lowest in the Eth/NA/PMMA group. 
These findings suggest that SP&SB and/or bis-acryl  
significantly enhance the SBS of aged 3D-printed pro-
visional materials, since SP&SB improved microme-
chanical retention by increasing surface roughness and 
wettability, the vinyl group in the Bis-acryl composite  
facilitated chemical bonding. A cohesive failure was mainly  
observed when bis-acryl and/or SP&SB were applied. In 
contrast, the solutions did not affect the SBS. However, 

40% ethanol appeared to have a more pronounced effect 
on the structural integrity of the 3D-printed provisional 
materials than heptane and cola. According to the findings 
from our study, aged 3D-printed provisional materials 
should be ground and sandblasted before repairing, and 
bis-acryl was recommended as the repairing material for 
greater bond strength. However, using sandpaper might 
not be practical in a clinical setting, hence a previous 
study suggested grinding PMMA with a carbide bur before 
repairing PMMA for comparable results.(48)

	 Our study had several limitations. Firstly, it used 
an in vitro experimental design that tested only one type 
of 3D-printed provisional resin and two types of repair  
materials. Secondly, provisional crowns are not continu-
ously immersed in solutions in the oral environment; they 
are exposed intermittently when the patient consumes 
foods and beverages. Thirdly, it did not simulate occlusal 
force or the presence of saliva. Therefore, in vivo studies 
should be conducted to evaluate the effects of the oral 
environment on 3D-printed provisional crowns. Further-
more, future studies should investigate other types of 
provisional crowns and repair materials.

Conclusions
	 Based on the findings of this in vitro study, solu-
tions alone did not significantly impact the SBS between 
the 3D-printed provisional material and repair materials. 
However, the SBS differed significantly when the aged 
3D-printed provisional material underwent SP&SB and/
or was repaired with bis-acryl.
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