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ABSTRACT 
Statement of problem. Although minimally invasive repair of existing resin-based restorations is clinically advantageous, the effects of 
different surface pretreatments on additively and subtractively manufactured resins remain insufficiently studied. This lack of evidence 
hinders the development of a standardized and reliable protocol for the repair of such materials.

Purpose. This in vitro study aimed to evaluate the impact of different mechanical and chemical surface pretreatments (airborne-particle 
abrasion, grinding, universal adhesive application, or no treatment) on the shear bond strength (SBS) of composite resin repairs on 
hydrothermally aged resin-based materials, used either additively or subtractively for definitive fixed dental prostheses.

Material and methods. A total of 240 resin disks (Ø10×2 mm) were fabricated using 3 additive manufacturing resins (C&B Permanent; Tera Harz 
TC-80DP; and Crowntec); and 1 subtractive manufacturing resin (Brillant Crios) (n=60 each). All specimens underwent hydrothermal aging through 
5000 thermal cycles between 5 °C and 55 °C. Disks were randomly assigned into 3 mechanical pretreatment groups: airborne-particle abrasion with 
50 µm Al₂O₃ particles, grinding with a diamond rotary instrument, or no treatment (control) (n=20 each). Each group was then randomly divided into 
2 chemical surface pretreatment subgroups: application of a universal adhesive (Clearfil Universal Bond Quick) or no treatment (control) (n=10 each) 
and then composite resin (Clearfil Majesty ES-2 Classic) was bonded in the center of the surface-treated area. SBS was assessed using a universal 
testing machine at a crosshead speed of 1 mm/minute. Failure modes were analyzed under a microscope at ×12.5 magnification. Statistical analysis 
included a 3-way ANOVA and chi-squared test to evaluate the effects of material, mechanical pretreatment, and adhesive on SBS (α=.05).

Results. The application of an adhesive substantially increased the SBS (Mean difference (MD): 6.91 ±3.30 MPa; P<.001). When adhesive was 
used, no differences were observed between resin materials or mechanical surface pretreatments (airborne-particle abrasion or grinding) in 
either SBS or failure mode (chi-squared test). In contrast, in the absence of adhesive, significant differences were found between materials 
(P<.001) and mechanical pretreatment (P=.001) for both outcomes.

Conclusions. Repair bond strength depended on the application of an adhesive. When applied, the impact of resin material and 
mechanical pretreatment remained minimal. (J Prosthet Dent 2026;135:821.e1-e11)
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Resin-based materials for definitive fixed dental pros
theses are gaining interest because of their compatibility 
with computer-aided design and computer-aided man
ufacturing (CAD-CAM) processes and their acceptable 
mechanical,1,2 biological, esthetic, and adhesive prop
erties, along with favorable cost-effectiveness and 
minimal material waste.3 Traditionally, complications 
such as secondary caries, discoloration, abrasion, or 
fractures associated with conventional materials have 
required complete restoration replacement.4 However, 
one of the characteristics of resin-based materials for 
definitive fixed dental prostheses, is that they enable 
direct repairs by removing only the affected tissue and 
the application of new composite resin material through 
adhesive techniques.5 This minimally invasive approach 
preserves dental tissue, minimizes the risk of iatrogenic 
damage (pulp irritation),6 and reduces both treatment 
time and cost,7 ultimately achieving a clinically accep
table outcome.

The bond between the existing and new resin ma
terials depends on micromechanical interlocking, cre
ated by surface irregularities, and chemical adhesion to 
filler particles and the organic matrix.8 Consequently, 
current repair protocols are hybrid,9 combining me
chanical surface pretreatment to enhance surface 
roughness through predominantly airborne-particle 
abrasion with aluminum oxide (Al₂O₃) or diamond ro
tary instrument-abrasion (grinding) with, for example, 
diamond rotary instruments, with chemical pretreat
ment to improve chemical interaction through the ap
plication of adhesives.9 However, the effects of these 
pretreatments on available additively manufactured 
(AM) and subtractively manufactured (SM) resins have 
not been studied to an extent that allows for the es
tablishment of a standardized repair protocol. According 
to previous studies, different combinations of surface 
pretreatments may influence bond performance by al
tering surface free energy, wettability, roughness, topo
graphy, and hydrophilicity.10–15 Shear bond strength 
testing and failure mode analysis have been commonly 
used in vitro methods to assess the performance of di
rect composite resin repairs.16–22

Therefore, the aim of this in vitro study was to 
evaluate the effect of surface conditioning, airborne- 
particle abrasion or grinding (mechanical surface pre
treatment), and adhesive application (chemical pre
treatment), on the repair shear bond strength (SBS) of 
hydrothermally aged resin-based materials intended for 
AM and SM definitive fixed dental prostheses. The null 
hypothesis was that the type of resin-based material, 
mechanical pretreatment, or application of adhesive 
would not affect the repair bond strength.

MATERIAL AND METHODS

A Ø10×2 mm disk in standard tessellation language (STL) 
format was designed in a software program (Meshmixer 
v3.5.474; Autodesk Inc), fabricated using AM or SM 
(N=240), and hydrothermally aged. The disk surfaces were 
treated by airborne-particle abrasion or grinding, with or 
without subsequent application of an adhesive. Composite 
resin (Clearfil Majesty ES-2 Classic; Kuraray) was then 
bonded to the treated surfaces.

The experimental design is presented in Figure 1. 
Groups were established according to the material used: 
Group AM-C&B: AM with urethane acrylate-based resin (C 
&B Permanent; ODS Co.; Group AM-TH: AM with ur
ethane acrylate-based resin (Tera Harz TC-80DP; Graphy): 
Group AM-C: AM with glass-filled composite resin 
(Crowntec; Saremco Dental AG); Group SM-BC: SM with 
reinforced composite resin (Brillant Crios; Coltène), the 
mechanical surface pretreatment: Subgroup APA: Airborne- 
particle abrasion with 50-µm Al2O3; Subgroup G: Grinding 
with a diamond rotary instrument; Subgroup NT (control): 
No mechanical surface pretreatment, and the adhesive ap
plication: Subgroup A: Application of a universal adhesive 
(Clearfil Universal Bond Quick; Kuraray Noritake); Sub
group NT (control): No adhesive application.

The sample size for this study was determined 
through a priori power analysis (α=.05, 1-β=95%, and an 
effect size of f=.493), which deemed 9 specimens per 
subgroup adequate (STATA, v 17.0; StataCorp LP); 
however, to increase statistical power, 10 specimens 
were fabricated. Detailed fabrication for AM and SM 
specimens is presented in Table 1.23

After fabrication, a stainless-steel mold was used to 
embed all AM and SM specimens in autopolymerizing 
acrylic resin (Paladur; Kulzer GmbH). The specimens 
were centered in the mold, and the free surface of each 
AM and SM specimen was placed in contact with the 
table surface. This positioning ensured that the free 
surface of each specimen was flush with the surface of 
the acrylic resin.24 To mimic the time in function in the 
oral cavity before experiencing a fracture which would 
necessitate a repair, the embedded specimens were 
hydrothermally aged in distilled water (5 °C to 55 °C, 

Clinical Implications 
The use of a universal adhesive enhances the repair 
bond strength of both additively and subtractively 
manufactured resin-based restorations. With that, 
the choice of resin material and mechanical surface 
pretreatment becomes less critical which 
potentially simplifies clinical protocols. These 
results contribute to the development of a more 
standardized and predictable approach for 
intraoral repair of definitive printed restorations.
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10 seconds transfer time, 30 seconds dwell time, 5000 
thermal cycles, SD Mechatronik Thermocycler; SD Me
chatronik GmbH). Following hydrothermal aging, the 
bonding surface of each specimen was wet-ground for 
5 seconds using silicon carbide abrasive papers (Struers 
Labo-Pol 21 #500; Struers). The specimens were then 
steam cleaned (Minivapor 93; Effegi Brega) for 5 sec
onds and air-dried using oil-free air.

The AM and SM specimens were then randomly di
vided (Excel; Microsoft Corp) into 3 subgroups which un
derwent 1 of the following mechanical surface 
pretreatments: no surface treatment (control), airborne- 
particle abrasion with 50 µm Al2O3 (Cobra; Renfert) at 
0.2 MPa at 10 mm for 10 seconds, and grinding with a 
coarse grit Ø2-mm diamond fissure rotary instrument 
(837 L; Jota AG) at 40 000 rpm.10 The diamond rotary in
strument was lightly moved across the surface 10 times (5 
times in 2 different directions) without application of any 
additional force. A new diamond rotary instrument was 
used for every 5 specimens to ensure consistency. The 2 
directions were standardized—1 parallel and 1 perpendi
cular to the long axis of the specimen—to provide uniform 
surface roughening. All procedures were performed by a 
single operator (G.S.) to minimize variability. Airborne- 
particle abraded, and ground specimens were steam 
cleaned (Dampfstrahler Wasi-Steam Compact 174987 & 
174994; Wassermann) for 10 seconds. One additional spe
cimen per group was fabricated for evaluation of the surface 
characteristics by using scanning electron microscopy (SEM) 
(LEO 440; Zeiss). The surface topography of specimens was 
evaluated under ×100, ×1000, and ×2000 magnification at 
20 kV.11

Having been subjected to mechanical surface pretreat
ment, half of the specimens in each group received no 
further surface pretreatment (control), while the other half 
underwent an adhesive application surface pretreatment in 
the form of a universal adhesive (Clearfil Universal Bond 
Quick; Kuraray Noritake) used according to the manu
facturer’s instructions as follows: application with a micro
brush, gentle air-drying for 5 seconds, and light 
polymerization for 10 seconds with a light-emitting diode 
(LED) polymerization unit (Bluephase; Ivoclar AG) in high 
power mode (light power density: 950 mW/cm2). A radio
meter (Bluephase Meter; Ivoclar AG) was used to verify the 
light power density during the study. Subsequently, a cy
linder of composite resin (Clearfil Majesty ES-2 Classic; 
Kuraray) was bonded in the center of the surface-treated 
area using a split Teflon mold (inner diameter: 1.5 mm, 
adhesive area approximately 1.8 mm2, height: 2 mm) 
mounted in a holding device. The small diameter of the 
cylinder, and hence the small hole in the Teflon mold 
precluded the use of adhesive tape to demarcate the 
bonding area. The composite resin cylinder was light 
polymerized for 20 seconds (Bluephase; Ivoclar AG) and the 
specimen was then stored in a light-proof box. After 
5 minutes, the Teflon mold was removed, and all specimens 
were returned to light-proof boxes and kept at 37 ºC and 
100% humidity for 24 hours. All repair procedures were 
performed by one operator (G.S.). The primary outcome 
measure was the SBS. After 24 hours, SBS was measured in 
a universal testing machine (ZwickZ1.0TN; Zwick). The 
load was applied at a right angle to the composite resin 
cylinder at a crosshead speed of 1mm/minute by using a 
wire loop positioned at the base of the composite resin 

Figure 1. Study design. A, universal adhesive; AM-C, Crowntec; AM-C&B, C&B Permanent; AM-TH, Tera Harz TC-80DP; APA, airborne-particle abrasion; 
G, grinding with diamond rotary instrument; NT, no pretreatment (control); SM-BC, Brillant.
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cylinder in contact with the AM or SM resin surface. The 
SBS testing was performed by the same operator (G.S.), 
who also performed the repair procedures. The strength 
required for fracture (Fmax(N)) was determined and the 
SBS (MPa) was calculated as (Fmax (N)/bonding area 
(mm2)).

After bond strength testing, the failure mode of all 
specimens was assessed under a light microscope 
(M420; Leica) at a magnification of ×12.5 and classified 
into the following categories: Type 1: Adhesive failure at 
the interface between the AM or SM resin and the repair 
composite resin; Type 2: Cohesive failure in the AM or 
SM resin; Type 3: Mixed failure (simultaneous presence 
of the Type 1 and 2 failure modes).

The Shapiro-Wilk test confirmed that the groups, into 
which the sample was divided (AM or SM resins, me
chanical surface pretreatment, and adhesive application), 
met the assumption of normality. A 3-way analysis of var
iance (ANOVA) model was used to evaluate the effect of 
material, mechanical surface pretreatment, and adhesive 
application on SBS and to analyze the effect of material and 
mechanical surface pretreatment, along with their interac
tion, for each adhesive application condition (with and 
without adhesive) individually. The Bonferroni post hoc test 
was applied comparisons. Failure modes depending on the 
material and the mechanical surface pretreatment within 
each condition was evaluated by using the chi-squared test. 
A statistical analysis software program was used to perform 
all analyses (IBM SPSS Statistics, v25.0; IBM Corp) (α=.05).

RESULTS

The mean ±standard deviation (SD) values of SBS (MPa) 
and the failure modes for each material and surface 
treatment are presented in Table 2. SBS varied between 
3.27 and 14.16 MPa, and the 3-way ANOVA revealed 
significant differences among the groups (P<.001) 
(Table 3). All 3 factors: material, mechanical surface 
pretreatment, and chemical pretreatment, had a sig
nificant effect on SBS. Interactions were found between 
mechanical pretreatment and chemical pretreatment 
and between material and chemical pretreatment. The 
very high F-value (F=652.7) found for the factor che
mical pretreatment, and the overall mean difference 
±SD between the application and non-application of an 
adhesive of 6.91 ±3.30 MPa (Fig. 2) suggested that ad
hesive application had a considerably stronger influence 
than the other factors, supporting the need for separate 
analyses (with and without adhesive) of the SBS results. 
The Bonferroni test for post hoc comparisons was used 
to test for the effect of material (Table 4), mechanical 
pretreatment (Table 5), and use of adhesive (Table 6).

The effect of material (Table 4), and when the ad
hesive had not been applied AM-C resulted in Ta
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significantly higher SBS than did AM-TH when the 
surface had been pretreated by grinding or airborne- 
particle abrasion and higher than AM-C&B for the 
grinding pretreatment (P<.05) (Fig. 3A). When the ad
hesive had been applied, AM-C&B resulted in higher 
SBS than did AM-TH and AM-C when the surfaces had 
not been pretreated (control) (P<.05) (Fig. 3A).

For the effect of mechanical pretreatment (Table 5), 
and when adhesive had not been applied, airborne- 
particle abrasion resulted in significantly higher SBS 
than did the control for the AM-C&B and for AM-C 
materials (Fig. 3B). No other significant differences were 
found among the mechanical pretreatments for the 4 
materials. When the adhesive had been applied, only 1 
statistically significant result was found; for the AM-C& 
B material, grinding resulted in lower SBS than did the 
control (P<.05) (Fig. 3B).

As regards the effect of adhesive application 
(Table 6), a significant effect was observed for all ma
terials irrespective of the mechanical pretreatment 
(P<.001). Thus, comparisons between materials are 
also presented in Figure 2A, while comparisons 
between mechanical surface pretreatment are shown in 
Figure 2B.

When the adhesive had not been used, adhesive 
failure was predominant (86.7 to 100%), whereas the use 
of adhesive led to predominantly cohesive failure (90 to 
100%). When adhesive was not used, the chi-squared 
test found significant differences in failure modes be
tween the materials (P<.001) and mechanical surface 
pretreatments (P=.021). Notably, AM-C&B, AM-TH, 
and SM-BC exhibited only adhesive failure (Fig. 4). In 
the AM-C group, adhesive failure accounted for 86.7% 
of the specimens, while 6.7% exhibited cohesive failure 
within the resin, and another 6.7% showed mixed failure 
(Fig. 4). When adhesive had been applied, the chi- 
squared test found no significant differences in failure 
mode between the materials (P=.161) or mechanical 
surface pretreatments (P=.549) (Fig. 4).

The SEM images at magnifications of ×100, ×1000, 
and ×2000 of the materials under different mechanical 
surface pretreatment conditions are presented in 
Figure 5. AM-C&B and AM-TH presented rougher 
surfaces than AM-C and SM-BC irrespective of the 
mechanical surface pretreatment. For mechanical sur
face pretreatments, grinding, and airborne-particle 
abrasion resulted in rougher surfaces compared with the 
control, with airborne-particle abraded surfaces showing 
a slightly deeper relief than the ground surfaces.

DISCUSSION

The findings of this in vitro study led to the rejection of 
the null hypotheses that the type of resin-based Ta
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material, mechanical pretreatment, or application of 
adhesive would not affect the repair bond strength, as 
evaluated materials, mechanical surface pretreatments, 

and adhesive application exhibited significant differ
ences in repair SBS. The primary distinction in findings 
was observed between the application and non-appli
cation of an adhesive.

When the adhesive was applied, the repair SBS was 
significantly higher than without the adhesive, and differ
ences between AM or SM resins and mechanical surface 
pretreatments were not significant. The SM-BC resin did 
not show any differences compared to the AM resins. Also, 
the failure mode analysis demonstrated predominantly co
hesive failures in the AM and SM resins implying that the 
true repair bond strengths surpassed the inherent strength 
of the AM or SM resins. Additionally, the overshadowing 
and positive effect of the adhesive was consistent with 
previous research,9,12 which concluded that bond strength 
improved with the use of adhesives. The polymers present 
in the adhesive infiltrate microcracks within the polymer 
matrix of the AM and SM resins, creating micro-entangle
ments.8 Furthermore, adhesives enhance the wettability of 
exposed filler particles and help prevent air void for
mation.13

When the adhesive was not applied, notable differ
ences in repair SBS were observed between AM or SM 
resins and mechanical surface pretreatments, with 
failure mode analysis indicating predominantly adhesive 
failures. These findings suggested that the application of 
adhesives is essential and more relevant than mechan
ical surface pretreatment for achieving stable and strong 
bond strength in composite resin repairs.

Chemical bonding may occur through copolymerization 
between unreacted double bonds in the AM or SM resin 
surface and the repair composite resin.8 The composite 
resin-based materials (AM-C and SM-BC) achieved the 
highest SBS values, possibly because of their similar che
mical properties. They may also have had a lower degree of 
conversion of C]C bonds, providing more unconverted 
bonds at the interface. This remains hypothetical, as the 
degree of conversion was not measured, and no additional 
post-polymerization was performed beyond xenon light 
polymerization. Unreacted C]C bonds have been reported 
to persist in polymerized composite resins, typically 25–55% 
of methacrylate groups, and are crucial for chemical 
bonding between aged substrates and repair composite 
resins via copolymerization.25–28 Although increased surface 
roughness has been reported to typically improve adhesion 
through greater contact area and micromechanical inter
locking, the qualitatively rougher surfaces in AM C&B and 
AM TH under SEM did not yield higher SBS than AM-C 
and SM-BC. This finding suggests that factors such as 
chemical compatibility and adhesive treatment may be 
more decisive than surface morphology in bonding perfor
mance.

Among mechanical surface pretreatments, airborne- 
particle abrasion was more effective than grinding in 
enhancing repair SBS across all AM and SM resins in 

Table 3. Three-way ANOVA results of shear bond strength according to 
material, mechanical surface pretreatment and chemical surface pre
treatment: F value, degrees of freedom (df) and P-value 

F df P

Material 6.41 3 <.001
Mechanical pretreatment 8.26 2 <.001
Chemical pretreatment 652.70 1 <.001
Material × mechanical pretreatment 1.04 6 .396
Mechanical pretreatment × chemical 
pretreatment

5.52 2 .005

Material × chemical pretreatment 7.47 3 <.001
Material × mechanical pretreatment  
× chemical pretreatment

0.70 6 .649
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Figure 2. Box plots of overall shear bond strength of materials and 
surface treatments studied. A, By material type. B, By type of 
mechanical surface pretreatment.
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Table 4. Statistically significant differences between materials for each mechanical surface pretreatment depending on use of adhesive (chemical 
surface pretreatment) 

Adhesive Mechanical Pretreatment Material P

NO Control AM-C&B versus AM-TH >.999
AM-C&B versus AM-C .266
AM-C&B versus SM-BC .850
AM-TH versus AM-C .186
AM-TH versus SM-BC .636
AM-C versus SM-BC >.999

Airborne-particle abrasion AM-C&B versus AM-TH >.999
AM-C&B versus AM-C .122
AM-C&B versus SM-BC >.999
AM-TH versus AM-C .019*
AM-TH versus SM-BC .317
AM-C versus SM-BC >.999

Grinding AM-C&B versus AM-TH >.999
AM-C&B versus AM-C .009*
AM-C&B versus SM-BC .494
AM-TH versus AM-C .001**
AM-TH versus SM-BC .131
AM-C versus SM-BC .832

YES Control AM-C&B versus AM-TH .010*
AM-C&B versus AM-C .030*
AM-C&B versus SM-BC .594
AM-TH versus AM-C >.999
AM-TH versus SM-BC .779
AM-C versus SM-BC >.999

Airborne-particle abrasion AM-C&B versus AM-TH >.999
AM-C&B versus AM-C >.999
AM-C&B versus SM-BC >.999
AM-TH versus AM-C >.999
AM-TH versus SM-BC >.999
AM-C versus SM-BC >.999

Grinding AM-C&B versus AM-TH >.999
AM-C&B versus AM-C >.999
AM-C&B versus SM-BC >.999
AM-TH versus AM-C >.999
AM-TH versus SM-BC >.999
AM-C versus SM-BC >.999

***P<.001;
* P<.05 

** P=.001;   

Table 5. Statistically significant differences between mechanical surface pretreatments for each material depending on use of adhesive (chemical 
surface pretreatment) 

Adhesive Material Mechanical Surface Pretreatment P

NO AM-C&B Control versus Airborne-particle abrasion .048*
Control versus Grinding >.999
Airborne-particle abrasion versus Grinding .272

AM-TH Control versus Airborne-particle abrasion .167
Control versus Grinding >.999
Airborne-particle abrasion versus Grinding .326

AM-C Control versus Airborne-particle abrasion .020*
Control versus Grinding .162
Airborne-particle abrasion versus Grinding >.999

SM-BC Control versus Airborne-particle abrasion .077
Control versus Grinding .955
Airborne-particle abrasion versus Grinding .642

YES AM-C&B Control versus Airborne-particle abrasion .838
Control versus Grinding .011*
Airborne-particle abrasion versus Grinding .197

AM-TH Control versus Airborne-particle abrasion >.999
Control versus Grinding >.999
Airborne-particle abrasion versus Grinding >.999

AM-C Control versus Airborne-particle abrasion >.999
Control versus Grinding >.999
Airborne-particle abrasion versus Grinding >.999

SM-BC Control versus Airborne-particle abrasion >.999
Control versus Grinding .396
Airborne-particle abrasion versus Grinding .113

***P<.001; **P=.001;
* P<.05   
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this study. The superiority of airborne-particle abrasion 
may stem from its ability to create slightly deeper surface 
reliefs than grinding, which increased surface free en
ergy and improved wettability, facilitating the 

application of adhesives. However, the surface rough
ness achieved through mechanical surface pretreatment 
can vary widely across studies because of specific pro
tocol parameters, such as particle size, application 

Table 6. Statistically significant differences between use of adhesive (chemical surface pretreatment) for each mechanical surface pretreatment 
depending on material 

Material Mechanical Pretreatment Adhesive P

AM-C&B Control No vs Yes <.001***
Airborne-particle abrasion No vs Yes <.001***
Grinding No vs Yes <.001***

AM-TH Control No vs Yes <.001***
Airborne-particle abrasion No vs Yes <.001***
Grinding No vs Yes <.001***

AM-C Control No vs Yes <.001***
Airborne-particle abrasion No vs Yes <.001***
Grinding No vs Yes <.001***

SM-BC Control No vs Yes <.001***
Airborne-particle abrasion No vs Yes <.001***
Grinding No vs Yes <.001***

*** P<.001   
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Figure 3. Box plots of shear bond strength (MPa) for each material and surface pretreatment studied. A, By material type. B, By type of mechanical 
surface pretreatment.
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distance, grit size, pressure, and duration,9 as well as the 
properties of each material. These variables challenge 
the establishment of general conclusions in this regard.

When the findings in previous studies were considered, 
Stawarczyk et al12 reported, consistent with the present 
study observations, that adhesive application had a sig
nificant effect, and that grinding was less effective than 
airborne-particle abrasion. Similarly, Degirmenci et al14 re
ported that when an adhesive was applied, the type of 
mechanical surface pretreatment, whether grinding or air
borne-particle abrasion, was not a determining factor, 
aligning with the present findings. Although the authors did 
not evaluate the effect of an adhesive, Sarahneh and Günal- 
Abduljalil29 reported that airborne-particle abrasion out
performed their control groups without silane, which was 
consistent with the present results showing the advantage 
of airborne-particle abrasion over inactive controls. Only 
Silva et al15 reported that grinding improved SBS when 

using an adhesive with Vita Enamic, a finding that differs 
from the present study but may be explained by differences 
in the particle size and pressure of airborne-particle abra
sion, or by the restorative material and adhesive system. As 
reported by Alotaibi et al,16 when comparing 2 resins, each 
mechanical surface pretreatment can affect each material 
differently according to its properties. This highlights the 
need for further research to assess substrate roughness in 
relation to subsequent SBS, in order to better understand 
how mechanical surface pretreatments interact.

Shear bond strength (SBS) testing and failure mode 
analysis have been widely used for evaluating direct com
posite resin repairs in vitro.10,15,17–19 Microtensile bond 
strength (μTBS) testing has been used instead, depending 
on sample size, test area, and force type.12,20–22 μTBS typi
cally yields higher values than SBS. Despite these efforts, a 
consensus on acceptable repair bond strength is lacking, 
except the International Organization for Standardization 
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(ISO) 10477–2020 standard,30 which set a minimum of 
5 MPa. Thus, values approaching cohesive failure strength 
may serve as a clinical reference. This in vitro study offers 
preliminary findings that require validation through ran
domized clinical trials. Limitations include the absence of 
quantitative surface roughness analysis; future studies 
should include profilometry to correlate surface topography 
with bond strength.

CONCLUSIONS

Based on the findings of this in vitro study, the following 
conclusions were drawn: 

1. The repair bond strength of resins used in additive 
and subtractive manufacturing fundamentally de
pended on whether an adhesive was applied on the 
surface to be repaired.

2. When the adhesive was applied, the resin material 
and surface pretreatment did not significantly im
pact the repair bond strength and failure mode.

3. When the adhesive was not applied, both resin 
material and surface pretreatment affected the re
pair bond strength and the type of failure.
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