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Abstract

Background: Three-dimensional (3D) printed occlusal splints are increasingly used in dental
practice, but their repairability remains a concern. This study aimed to evaluate the effect of
cleaning tablets on the shear bond strength of 3D-printed occlusal devices repaired with either
polymethyl methacrylate (PMMA) or 3D printer resin.

Methods: A total of 60 specimens (10x10x2 mm) were manufactured using 3D-printer occlu-
sal device resin with a digital light processing 3D printer. Surfaces were polished with abrasive
papers with grits #1000 and #1200 for 1 minute for each grit, and then PMMA and 3D printer
resin were applied using a standardized apparatus with the cylindrical cavity 3 mm in diameter
in the center, without any surface pretreatment. All specimens were kept in artificial saliva at
37°C for 7 days in an incubator. Then, half of the specimens for each repair material (n=15)
were immersed in a cleaning tablet solution for 90 minutes to simulate 1 month of clinical use
(PMMA-T and 3D-T groups). Meanwhile, the other specimens were preserved in distilled water
(PMMA-DW and 3D-DW groups). The shear bond test was conducted using universal testing
equipment with a crosshead speed of 5 mm/min. The data were statistically analyzed using
2-way analysis of variance (a=.05).

Results: The highest bond strength value was observed in the 3D-DW group (6.03 = 2.28 MPa),
whereas the lowest was observed in the PMMA-T group (3.70 = 1.95 MPa). No statistically
significant differences were found between the groups. No significant interaction was found
between the cleaning tablet exposure and repair material type (F=0.164, P=.688).

Conclusion: Although the differences were not statistically significant, 3D printer resin repair
material showed higher bond strength, probably due to similar chemical composition, and clean-
ing tablets reduced the bond strength of both repair materials.

Keywords: 3D-printed occlusal device, additive manufacturing, bond strength, cleaning tablet,
occlusal device

INTRODUCTION

Occlusal devices are widely used in prosthetic dentistry for various clinical purposes,
including the management of parafunctional habits such as bruxism and clenching,
occlusal stabilization, and protection of dental restorations. Their application may also
extend to the supportive management of temporomandibular disorders in selected
cases."*These diverse clinical indications have led to continuous improvements in
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What is already known on
this topic?

® Three-dimensional (3D) printed
occlusal devices are increasingly
used in clinical practice due to
their fabrication advantages,
but their repairability remains a
concern.

® Cleaning tablets are commonly
used for the hygiene main-
tenance of removable den-
tal appliances and may alter
surface properties of poly-
mer-based materials.

e The bond strength between
repair materials and 3D-printed
polymers can be influenced by
material composition and envi-
ronmental factors.

What this study adds on this
topic?

® The present study provides
novel data regarding the effects
of cleaning tablet exposure
on the repair bond strength of
3D-printed occlusal devices.

e Although not statistically sig-
nificant, the use of cleaning
tablets resulted in a reduction
in shear bond strength for both
conventional polymethyl meth-
acrylate repair resin and the
original 3D-printed device resin.

e The wuse of the original
3D-printed resin as a repair
material yielded higher bond
strength compared to the con-
ventional acrylic resin, sug-
gesting a potential clinical
advantage.
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the materials and fabrication techniques used for occlu-
sal devices to ensure optimal performance, durability, and
patient comfort.

Polymethyl methacrylate (PMMA) is widely preferred for the
fabrication of occlusal devices in both conventional and digi-
tal techniques due to its low shrinkage, abrasion resistance,
and ease of fabrication and repair.>”7 Conventional methods
often involve a powder-liquid PMMA system, sometimes
combined with thermoformed polyethylene frameworks,
though these can be time-consuming and cause patient
discomfort during intraoral adjustments. Alternatively, com-
puter-aided design/computer-aided manufacturing (CAD/
CAM) technology enables the milling of occlusal devices
from pre-polymerized PMMA blanks, improving accuracy
and reducing clinical time while maintaining the material's
favorable properties.® The integration of three-dimensional
(3D) printing technology in dentistry has generated increas-
ing interest in its application for the manufacturing of occlu-
sal devices.>"'? These devices can now be manufactured using
digital workflows that integrate intraoral scanning and CAD/
CAM technology. Additive manufacturing (AM) facilitates
the layer-by-layer fabrication of polymer-based devices,
presenting numerous advantages compared to subtractive
techniques like milling.”®'* In contrast to milling, which can
produce considerable material waste and restrict the repli-
cation of complex occlusal geometries, AM facilitates more
efficient material use and enhanced conformity to intricate
anatomical structures. 1516

Regardless of the manufacturing technique, occlusal
devices often endure excessive occlusal forces, especially
in patients with bruxism, potentially resulting in fracture,
wear, or distortion over time.””'® As well, in 3D-printed
occlusal devices, inadequate vertical dimension or mate-
rial degradation may require clinical repair or modification."
Such treatments frequently prove to be more cost-effective
and time-efficient than the fabrication of a new device,
making repair a pragmatic alternative in clinical settings.
Conventional PMMA occlusal devices often utilize autopo-
lymerizing resins for relining or repair through direct appli-
cation onto the existing surface.'” '8 However, there is a lack
of sufficient information concerning the bonding perfor-
mance of repair materials utilized on 3D-printed occlusal
devices, highlighting the need for more studies in this field.
From a clinical perspective, evaluating the repairability of
3D-printed devices is critical for ensuring their functional
longevity and guiding clinicians in selecting appropriate
repair materials for routine practice.

Several methods have been suggested in the literature for the
cleaning of removable dental appliances, including denture
cleaning tablets, conventional toothpaste, mouthwash, soap
and water, foam or liquid cleansers, and dishwashing deter-
gents.'?° Effervescent denture cleaning tablets are primarily
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favored for their efficacy in eliminating debris and calculus
from appliance surfaces.’?2' Nevertheless, the active compo-
nents—such as alkaline peroxides and sodium perborate—can
negatively impact the mechanical and surface characteristics
of the material if improperly applied or utilized for extended
durations.???Despite these concerns, a review of the existing
literature indicates a deficiency of comprehensive informa-
tion concerning the effect of these cleaning tablets—espe-
cially those specifically marketed for occlusal devices—on the
bond strength of 3D-printed devices and repair materials. To
address this lack of data, the purpose of this study was to
evaluate the effect of occlusal splint cleaning tablets on the
bond strength of 3D-printed occlusal splints and 2 different
repair materials (PMMA and 3D printer resin). Considering
that previous studies have reported inconsistent or minimal
effects of cleaning agents on the mechanical and surface
properties of 3D-printed device materials, it was assumed
that cleaning tablet exposure would not significantly alter
bonding performance.®?* The null hypothesis of this study
was that the use of cleaning tablets would not have a signifi-
cant effect on the bond strength of 3D occlusal devices and
different repair materials.

MATERIAL AND METHODS

A power analysis was performed using statistical software
(G*Power; Heinrich Heine University, Disseldorf, Germany)
to determine the required sample size. Based on an effect
size of 0.7, «=0.05, and a power of 0.95, the minimum sam-
ple size was calculated to be 40 specimens. An effect size of
0.7 was chosen according to Cohen's convention for a large
effect size.

A total of 60 rectangular-shaped specimens (10 x 10 x 2
mm) were manufactured using 3D-printer occlusal device
resin (PowerResins Night Guard, DentaFab, Turkiye) with a
digital light processing (DLP) 3D printer (Sega 3D Printer,
DentaFab, Turkiye). The resin used in this study is reported by
the manufacturer to be compatible with all DLP and liquid-
crystal display (LCD) 3D printers. The standard tessellation
language file, featuring specified specimen dimensions, was
generated in design software (Tinkercad, AutoDesk, USA) and
printed at a 90° orientation to build a platform with a layer
thickness of 50 pm. Following printing, the specimens were
cleaned using washing equipment (Form Wash, Formlabs,
USA) with 99% isopropanol. Following this, the specimens
were subjected to polymerization using a ultraviolet polym-
erization unit (Form Cure, Formlabs, USA) at a temperature
of 60°C for 30 minutes. Since the manufacturer did not pro-
vide a specific post-processing protocol, the same washing
and curing parameters were applied as those commonly used
for comparable light-curable resins. Thereafter, the speci-
men surface was refined and polished using abrasive papers
with grits #1000 and #1200 (Smirdex 270 Silicone Carbid,
Greece) for 1 minute per grit on a polishing machine.
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Once specimen preparation was completed, PMMA
(Dentalon Plus, Heraeus Kulzer GmbH, Germany) and spe-
cific resin from the 3D printer (PowerResins Night Guard,
DentaFab, Tirkiye) were utilized with a standardized mold
featuring a cylindrical cavity measuring 3 mm in diameter
at the center (Figure 1), without any surface pretreatment
(n=30, per group). In the application of PMMA, a separat-
ing agent was employed to isolate the 3 mm cylindrical
cavities and to prevent adhesion to the standardized mold.
Polymethyl methacrylate was mixed with a glass spatula at
a powder-to-liquid ratio of 2 g to 1.2 mL for 40 seconds
to achieve a uniform consistency. The resulting mixture was
applied into the holes of the mold. Following 10 minutes of
polymerization, the specimens were carefully removed and
stored for 24 hours prior to trimming. For the application of
3D printer resin as a repair material, the cylindrical cavities
were isolated as previously described for the application of
3D printer resin as a repair material. The resin was thereafter
drawn into a syringe and meticulously injected into the cavi-
ties. Polymerization was performed using a multi-peak light-
curing device (VALO X, Ultradent, USA) at a light intensity of
3200 mW/cm? for 3 seconds in extra power mode, and upon
completion of curing, the specimens were carefully extracted
from the mold. Although the manufacturer did not provide
a specific curing recommendation for repair applications,
this high-intensity handheld unit has been used in previ-
ous studies for the polymerization of 3D-printed resins and
offers a clinically practical approach for intraoral repair proce-
dures.?*2> Subsequently, all specimens were kept in artificial
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saliva (AFNOR, Testonic, Tlrkiye) at 37°F for a duration of 7
days within an incubator (NGve ES-110, Turkiye).

After all procedures were completed, half of the specimens
for each repair material (n=15) were immersed in a clean-
ing tablet (Corega Pro Guard & Retainer, Haleon, United
Kingdom) solution for 90 minutes to replicate 1 month of
clinical use (PMMA-T and 3D-T groups). The cleaning tab-
let solution was prepared as per the manufacturer's recom-
mendations by dissolving 1 tablet in 200 mL of warm water.
The suggested soaking duration of 3 minutes was adhered
to for each cycle. Following each 3-minute immersion, the
specimens were extracted from the solution and gently
brushed under running water with a soft-bristled brush. A
new tablet was subsequently dissolved in fresh warm water,
and the procedure was repeated 30 times for each speci-
men to replicate cumulative exposure. During these pro-
cedures, the specimens in the control groups (PMMA-DW
and 3D-DW), which were not subjected to the cleaning
tablet protocol, were stored in distilled water for the same
duration.

The macro-shear bond strength test was performed using
universal testing equipment (M500-25KN; Testometric,
United Kingdom) with a crosshead speed of 5 mm/min until
fracture occurred (Figure 2). Pre-test failures were excluded
from the analysis. The force at failure was recorded and
thereafter converted into shear bond strength (SBS) using
the formula:

Figure 1. Custom-made mold used for the application of 3D-printed occlusal device r

a 3 mm cylindrical cavity at the center.

and repair materials, featuring
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Shear bond strength (MPa)=Failure load (N)/Bonded area
(mm?3).

A statistical software package (IBM SPSS Statistics, v20; IBM
Corp, USA) was used for the statistical analysis. All data were
descriptively analyzed. The Shapiro-Wilk test was used to
evaluate the homogeneity of the variables. Specimens with
outlier values were omitted from the analysis. The homoge-
neity of variances was assessed with Levene's test. The data
were statistically analyzed using 2-way analysis of variance
(ANOVA) («=0.05).

RESULTS

Pre-test failures and outlier values were omitted, resulting
in 10 specimens for each group. There was homogeneity of
variances, as assessed by Levene's Test of Homogeneity of
Variance (P = .343). Means and standard deviations of the
SBS values of tested groups are given in Table 1 and Figure 3.
The highest bond strength value was observed in the 3D-DW
group (6.03 * 2.28 MPa), whereas the lowest was observed
in the PMMA-T group (3.71 £ 1.96 MPa). Two-way ANOVA
revealed no significant interaction between the cleaning tab-
let exposure and repair material type (F=0.164, P=.688).
Neither the cleaning tablet exposure (F=3.697, P=.062) nor
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Table 1. Mean and Standard Deviation (SD) of the Shear Bond
Strength (MPa) with 95% Cl Values of Tested Groups

Groups N Mean (MPa) SD 95% ClI

PMMA-DW 10 5.36 2.71 3.41+£7.30
3D-DW 10 6.03 228 439+7.66
PMMA-T 10 3.71 196 2.30+5.11
3D-T 10 4.95 196 3.55+6.35

3D-DW, 3D resin repair material-distilled water group; 3D-T, 3D resin repair material-
cleaning tablet group; MPa, megapascal; PMMA-DW, polymethyl methacrylate repair
material-distilled water group; PMMA-T, polymethyl methacrylate repair material-clean-
ing tablet group.

the repair material type (F=1.812, P=.187) had a statistically
significant main effect on the shear bond strength (Table 2).

DISCUSSION

The results of the current study led to the acceptance of the
null hypothesis, indicating that cleaning tablets do not influ-
ence the bond strength between 3D occlusal devices and
various repair materials.

Three-dimensional printing has provided numerous improve-
ments and material alternatives in dentistry, resulting in the
emergence of 3D-printed occlusal devices that are becom-
ing increasingly significant due to their clinical and manu-
facturing benefits compared to traditional solutions.®'"®
Notwithstanding these advantages, the polymer materials
typically employed in 3D printing frequently demonstrate
inferior flexural strength relative to heat- or auto-polymer-
ized acrylic resins and milled occlusal device materials.’"’
The 3D-printed resin used in this study had a manufacturer-
reported flexural strength of 100-110 MPa, which is lower
than that of other occlusal device materials. Consequently,
the potential for intraoral deformation necessitates the con-
sideration of reinforcement or support with an additional
material during clinical planning.

In the present study, a commonly used PMMA-based repair
material was selected alongside the original 3D printing resin
of the occlusal device, which shares a similar chemical com-
position and offers potential ease of use in clinical applica-
tions. Oge et al®¢ reported that among 4 different materials
used for the repair of 3D-printed provisional resins, the use of
the original 3D printing resin resulted in the most favorable
mechanical outcomes. In the present study, although the dif-
ferences between the groups were not statistically significant,
the use of the 3D printing resin as a repair material yielded
higher SBS values compared to the opposing PMMA-based
repair groups. These findings support the notion that chemi-
cal compatibility between the repair and substrate materi-
als plays a key role in improving the bonding performance
of 3D-printed resins. Melo et al' reported an SBS value of
147 MPa following thermocycling when a 3D-printed occlu-
sal device was repaired using the original 3D occlusal device
resin. This value is notably higher than the results obtained
in the present study. The discrepancy may be attributed, at
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least in part, to differences in testing methodology, as Melo
et al" employed a micro-shear bond strength test, which
is known to yield higher values due to differences in stress
distribution.?” Furthermore, their study utilized a 3D print-
ing resin with a different chemical composition, manufac-
tured with an LCD-based printing technology, whereas a DLP
printer was used in the present study. In addition, polymer-
ization of the repair resin in their study was performed using
a light-curing unit with an output of 800 mW/cm?, while
in the present study, a multi-peak curing unit with a higher
intensity of 3200 mW/cm? was used.

According to ISO 10477,2¢ the minimum acceptable bond
strength for polymer-based materials is 5 MPa. In the present
study, all groups—except for the PMMA-T group—exceeded
this threshold. Although the 3D-T group demonstrated a
slightly lower mean value of 4.95 MPa, the 0.05 MPa dif-
ference from the threshold is not considered clinically sig-
nificant. Nevertheless, although the differences were not
statistically significant, the use of cleaning tablets led to a
decrease in SBS in both repair material groups.

T T
PMMA-T 3D-T

group no

Intraoral removable devices decrease the cleansing and
buffering properties of saliva by covering tissue surfaces,
hence enhancing the accumulation of microorganisms.
Consequently, maintaining the cleanliness of these devices
is essential for both dental and general well-being. To the
best of our knowledge, no previous study has investigated
the effect of cleaning tablets on the repair bond strength of
3D-printed occlusal devices, making direct comparisons with
the existing literature not applicable. isisag et al®® investi-
gated the effect of denture cleaning solutions on the bond
strength between acrylic and copolyester plates and reported
no statistically significant differences between the control
group stored in water and the groups exposed to different
cleaning tablets. This outcome is consistent with the present
findings, in which the use of cleaning tablets did not produce
a statistically significant reduction in bond strength values.
Moreover, several studies in the literature have indicated that
cleaning methods can alter the surface characteristics of
3D-printed occlusal devices.>2 This may be attributed to the
chemical composition and pH of the cleaning tablets. It has
been declared that the solvents contained in these products

Table 2. Summary of Type Ill Tests of Significance for Shear Bond Strength

Source df Mean Square F Sig. Partial Eta Squared
Corrected model 3 9.571 1.891 149 136
Intercept 1 1005.070 198.593 .000 .847
Cleaning tablet exposure 1 18.710 3.697 .062 .093
Repair material type 1 9.173 1.812 187 .048
Cleaning tablet exposure and repair material type 1 .829 164 .688 .005
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may penetrate the polymer network and expand intermo-
lecular spaces, potentially affecting material behavior.>°

One of the limitations of the present study is that no addi-
tional surface treatments were applied prior to the repair
material application, other than polishing with abrasive grits.
This choice was made to minimize the number of experi-
mental variables and focus on the effects of cleaning tablet
exposure and repair materials. Another limitation is that the
cleaning tablet protocol simulated approximately 1 month of
clinical use. While this design enabled controlled evaluation
of the early effects of cleaning procedures, long-term expo-
sure may lead to different outcomes and should be further
investigated. The specimens were stored in artificial saliva for
1 week; however, the absence of simulated occlusal load-
ing and dynamic intraoral conditions—such as dietary intake
and thermal cycling—represents another limitation of this
study. Further studies are needed to evaluate the effects of
3D occlusal device resins with different chemical composi-
tions, various 3D printing technologies, and surface treat-
ment protocols on the repair bond strength of 3D-printed
occlusal devices.

CONCLUSION

Within the limitations of this in vitro study, the findings indi-
cated that the use of cleaning tablets caused a reduction in
SBS values in both PMMA and 3D-printed resin repair groups;
however, these differences were not statistically significant.
Except forthe PMMA-T group, all groups exhibited SBS values
exceeding the ISO 10477 threshold of 5 MPa. Although the
3D-T group presented a slightly lower value (4.95 MPa), this
difference is not considered clinically significant. Moreover,
repairs performed with the original 3D-printed resin yielded
higher SBS values than those using the PMMA repair mate-
rial, irrespective of cleaning tablet exposure.
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