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ARTICLE INTFO ABSTRACT

Keywords: Objectives. Ultra-high-speed (UHS) videography was used to visualize the fracture phenom-
Ultra-high-speed videography ena at the resin-dentin interface during micro-tensile bond strength (uTBS) test. We also
Dental adhesive systems investigated whether UHS videography is applicable for failure-mode analysis.
Micro-tensile bond-strength test Methods. Ten human mid-coronal dentin surfaces were bonded using Clearfil SE Bond
Failure mode either in self-etching (SE) or etch-and-rinse (ER) mode. After 24-h water storage, the sam-
Fractographic analysis ples were cut into beams for nTBS test and tested at a cross-head speed of 1 mm/min.
Crack propagation The fracture phenomena at the bonded interface were captured using a complementary

metal-oxide-semiconductor digital UHS camera at 299,166 frames per second. The failure
modes were classified using UHS videography, followed by scanning electron microscopy
(SEM) analysis. The failure-mode distributions determined by UHS videography and SEM
analysis were statistically analyzed using Fisher’s exact test with Bonferroni correction.

Results. The crack-propagation speed exceeded 1,500 km/h. No significant difference was
found between the SEM and UHS videography failure-mode distributions in the SE mode.
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t A significant difference appeared between them in the ER mode. Significant differences
in the incidence of cohesive failures within the adhesive and at the adhesive-composite
interface between the SE and ER modes were identified by both SEM and UHS videography.
Significance. UHS videography enabled visualization of the fracture dynamics at the resin-
dentin interfaces under tensile load. However, the resolution at such high frame rate was

insufficient to classify the failure mode as precisely as that of SEM. Nevertheless, UHS
videography can provide more detailed information about the fracture origin and propa-

gation.

© 2019 The Academy of Dental Materials. Published by Elsevier Inc. All rights reserved.

1. Introduction

The development of adhesive materials has rapidly advanced
over the past decades, and direct composite restorations
have become an excellent and long-term reliable treatment
option [1-3]. The ability to achieve a reliable and durable bond
between the resin and tooth structure is of paramount impor-
tance. To evaluate the bonding quality of adhesive materials
and study the experimental variables, numerous mechanical
bond-strength tests have been developed. Among them, the
micro-tensile bond-strength test introduced by Sano et al. [4]
has been adopted by many laboratories owing to its in-vitro
versatility and reliability [5]. The mechanical tests provide
information about the debonding force relative to the bonded
area. Even though the correlation between the bond and clin-
ical outcome is weak [6,7], higher bond strength is generally
considered to be indicative of effectiveness in the oral envi-
ronment.

However, the measured bond strength alone does not pro-
vide sufficientinformation about the bond properties [8,9]. The
fracture location is also very important, and analysis of the
fragments can show differences even among materials with
similar bond strengths [10]. The fracture type can be identi-
fied after the mechanical test by post-mortem fractographic
examination of each failed specimen using light or scanning
electron microscopy (SEM) [11]. Conventionally, cohesive and
interfacial failures are differentiated based on the charac-
teristic structural properties of the materials. In case more
than one layer of the resin-dentin interface is observed at
the failed surface, the failure mode is described as mixed.
Nevertheless, such observations may not provide accurate
information about the weakest point where the fracture has
initiated because fracture propagation under stress may not
continue in the same layer. In dental ceramics, fractographic
methods are available to determine the fracture origin and
direction of crack propagation. Among the signs that indicate
the crack origin, the presence of a fracture mirror needs to
be mentioned, whereas the direction of crack propagation is
indicated by the presence of hackles and arrest lines [12-15].
However, these methods cannot be easily applied to dental
resin composites because they possess the properties of both
brittle materials and polymers [16].

To understand the nature and complexity of interfacial
failures, fracture dynamics need to be investigated [17]. To
date, only a few attempts have been made to investigate
the failure event during bond-strength tests. Previous stud-

ies published in 1999 and 2000 used a normal video camera
with a frame rate of 25 frames per second (fps) to record the
high-speed interfacial-failure events of resin-modified glass
ionomer cements [18] and resin-based materials with dentin
during a conventional shear bond test [19]. In relation to
the previously mentioned studies, we have attempted to use
a normal video camera to capture failure events during a
micro-tensile bond-strength test (wWTBS) in a pilot study. Unfor-
tunately, the frame rate was not sufficiently high to capture the
process of the resin—dentin interface failure under pTBS test-
ing because the fracture events occurred at extremely high
speed [19].

Over the past decades, notable progress in imaging has
been achieved owing to the effort to record fast-moving objects
or events that are too fast or complex for a human eye to follow
in real time. In 1948, “high-speed photography” was arbitrar-
ily defined by the Society of Motion Picture and Television
Engineers as any motion-picture photography beyond 250 fps
with exposure times of 1 ms or less. The Focal Encyclopedia of
Photography [20] distinguishes four categories of high-speed
imaging: (1) “high speed” with a frame rate of 50-500 fps, (2)
“very high speed” of 500-10,000 fps, (3) “ultra high speed” (UHS)
of 10,000-10,000,000 fps, and (4) “super high speed” of more
than 10 million fps. New video systems equipped with com-
plementary metal-oxide-semiconductor (CMOS) chips used in
scientific research, military field, and industry are able to reach
frame rate of up to 1 million fps [21], which corresponds to the
UHS category.

In addition to the frame rate and shutter speed, photograph
resolution is of major importance. Generally, video cameras
enable increase in the frame rate by decreasing the frame res-
olution. Therefore, using a maximal frame rate may not be
ideal in cases where good resolution is necessary. In addition,
quality pictures can only be obtained using proper lighting.
Light sources can be divided in two categories: continuous
and pulsed synchronized with the shutter [21]. Metal halide
lamps are commonly used in the field of engineering; however,
they generate considerable heat and can damage the dental-
tissue specimens. To prevent any heat influence, the use of a
pulsed diode laser-light source synchronized with the shutter
is preferred.

The purpose of the present study is to visually investigate
the fracture phenomena at the resin-dentin interface during a
micro-tensile bond-strength test. By using a UHS video camera
with a frame rate of almost 300,000 fps, the fracture events that
occurred during the test were recorded and subsequently ana-
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Table 1 - Compositions of the materials used in this study.

Material

Composition (Batch number)

Application procedure

Clearfil SE Bond (CSB; Kuraray
Noritake Dental, Tokyo Japan)

Primer: 10-MDP, HEMA, hydrophilic
dimethacrylate, camphorquinone,

[SE mode]

N,N-diethanol p-toludine, water (01162 A)

Adhesive: 10-MDP, Bis-GMA, HEMA,

hydrophilic dimethacrylate,

Apply primer for 20s, strong air dry

camphorquinone, N,N-diethanol
p-toludine, silanized colloidal silica.

(01746 A)

K-etchant (Kuraray Noritake
Dental, Tokyo Japan)

Clearfil AP-X (Kuraray Noritake
Dental, Tokyo Japan)

40% phosphoric acid, thickener

Bis-GMA, TEGDMA, camphorquinone,
photo initiators, pigments, silanated
barium glass, silanated silica (01124A)

Apply adhesive and gently air dry

Light-cure for 10s.

[ER mode]

Etch for 15s and rinse with water

Apply ethanol to keep the surfaces wet

50% ethanol/50% adhesive double application
Air blow for 3s

Apply adhesive neatly

Light-cure for 10s

[ER mode] Etch for 15s and rinse with water

Apply a layer <2 mm to the bonded surface
Light-cure for 40s
Repeat three times to achieve a height of 5mm

Abbreviations. 10-MDP: 10-methacryloyloxydecyl dihydrogen phosphate, Bis-GMA: bisphenol-glycidyl methacrylate: HEMA, hydroxyethyl

methacrylate.

lyzed frame by frame to identify the crack origin and observe
its propagation. The null hypothesis of the test was that no
difference could occur in the failure mode determined by UHS
videography and SEM.

2. Materials and methods
2.1. Teeth

Ten caries-free human third molars were collected after
obtaining informed consent from the subjects under Protocol
No. 2014-022, which was reviewed and approved by the Ethics
Committee of Tokyo Medical and Dental University, and were
stored frozen before use within one month of extraction. The
occlusal dental tissues were removed using a low-speed dia-
mond saw (Isomet, Buehler, Illinois, US), and the mid-coronal
flat dentin surfaces of the human molars were ground using
a 600-grit SiC paper to create a standardized smear layer. The
specimens were randomly allocated to two groups for adhe-
sive application.

2.2. Adhesive application and composite build-up

A two-step self-etch adhesive (Clearfil SE Bond, Kuraray Nori-
take Dental Corp., Tokyo, Japan, Table 1) was applied to the
prepared dentin surfaces. Half of the teeth were treated in
a self-etch (SE) mode, and the other half were treated in an
etch-and-rinse (ER) mode using an ethanol wet-bonding tech-
nique [28]. In the SE mode, the primer was applied using an
applicator brush, left in place for 20s, and dried using mild
air for more than 5s. In the ER mode, the specimens were

acid-etched using a 40% phosphoric-acid gel (K-etchant gel,
Kuraray Noritake Dental Corp., Table 1) for 15s, rinsed with
water, and inverted on wet lint-free tissues until bonded. The
primer was created by mixing 50 mass% adhesive of Clearfil
SE Bond with 50 mass% ethanol. This primer was applied
to the ethanol-saturated acid-etched dentin in two layers. A
generous amount of primer was employed as the first layer
and gently agitated using a micro brush for 10s. A second
application was made and agitated for 10s. The ethanol sol-
vent was evaporated from the primed surface using a gentle
stream of air. In both modes, the bonding agent was applied
to the primed dentin using an applicator brush, a uniform
layer was created using gentle air flow, and the bonding agent
was light-cured for 10s using a LED light-curing unit (Pen-
cure 2000, Morita Corp., Tokyo, Japan) with a light output
of >600mW-cm~—2. After light-curing of the adhesive, a resin
composite (Shade-A2, Clearfil AP-X, Kuraray Noritake Dental
Corp., Table 1) was used for incremental build-up to a height
of 5.0mm to ensure a sufficient bulk for the wTBS test. Each
increment had a thickness of up to 2.0 mm and was light-cured
for 40 s using the same light-curing unit.

2.3. Micro-tensile bond strength testing and
failure-mode analysis

After the bonded teeth had been stored in distilled water for
24h at 37°C, they were longitudinally sectioned into beams
(surface area: 1.4mm x 0.7 mm) using a low-speed diamond
saw (Isomet, Buehler, Illinois, US) under water-spray coolant.
Ten beams, located at the center of each tooth, were assigned
to each group (n=50). The beams were individually bonded to
a tensile testingjig of a universal testing machine (EZ Test, Shi-
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Micro-tensile bond strength test
cross-head speed 1.0mm/min

|IE—Q]@

Ultra-high-speed camera
Shutter speed: 291,666fps

(Phantom V1610. Research Vision Inc. US)

Diode pulse laser
(CAVILUX HF, Cavitar Ltd., FINLAND)

Fig. 1 — Scheme of ultra-high-speed imaging technique during micro-tensile bond strength test.

madzu Co., Kyoto, Japan) using cyanoacrylate adhesive (Zapit,
Dental Ventures of America, Corona, CA) and loaded with ten-
sion at a cross-head speed of 1 mm/min until failure. The load
in newton at failure was divided by the cross-sectional area to
calculate pTBS (MPa).

The fractured specimens were mounted on brass stubs,
sputter-coated with gold, and observed using SEM (JSM-5310,
JEOL, Tokyo, Japan) at standardized magnifications to evaluate
the failure mode. The failure modes were classified as fol-
lows: (1) cohesive failure in the dentin, (2) dentin-adhesive
interfacial failure, (3) cohesive failure in the adhesive resin, (4)
adhesive-composite interfacial failure, (5) cohesive failure in
the composite resin, (6) mixed failure of (1) and (2), (7) mixed
failure of (2) and (3), and (8) mixed failure of (3) and (4). The
failure-mode distributions of all fractured specimens were cal-
culated and expressed in percentages.

2.4. UHS imaging technique

The failure images of the bonded interface in each specimen
were captured using a CMOS digital UHS camera (Phan-
tom V1610, Vision Research Inc., New Jersey, US), which
was equipped with a Leica, 9.2x magnification lens (Fig. 1)
and an image resolution of 256 by 112 pixels, at a maxi-
mum rate of 291,666 fps. A pulsed diode-laser light source
(pulse width: 60ns, CAVILUX HF for High-Speed Illumina-
tion, CAVITAR, Finland) was synchronized with the shutter
speed of the UHS camera. The captured images were dynami-
cally analyzed using camera-control software (Camera Control
Software, PCC, Vision Research Inc.) to identify the crack initi-
ation, propagation, and opening. The crack-location patterns
were analyzed as far as possible according to the appearance
of the failure by replaying the fracture-image sequences and
were classified into the same eight categories described earlier
for SEM analysis.

2.5.  Statistical analysis

The Fisher’s exact test with Bonferroni correction at signifi-
cance level «=0.05 was performed to statistically analyze the

failure-mode distributions determined using SEM and UHS
videography in both adhesive application modes. The two
application modes were subjected to the same test (¢ =0.05) to
determine whether a significant difference occurred between
their failure-mode distributions. The wTBS values in the
SE mode were not normally distributed according to the
Shapiro-Wilk test (p<0.05). Therefore, the wTBS data were
analyzed using the Wilcoxon rank-sum test at 5% significant
level to test the effect of the application modes on pnTBS.

3. Results

The extremely rapid fracture phenomena at the resin-dentin
interface were successfully visualized using the UHS camera.
The crack initiation, propagation, and opening, as well as the
detached fragments with various sizes, were observed and are
shown in Figs. 4-6 and Multimedia Components 1-5. Despite
the immense frame rate of almost 300,000 fps, only one frame
in each video captured the propagating crack. The speed of
the fracture propagation therefore surpassed 1,500 km/h at a
specimen thickness of 1.4mm, and the frame interval was
3.428 ps.

The summary of the failure-mode distributions (in percent-
ages) for both the adhesive application modes and detection
methods is listed in Table 2. In the SE mode, the Fisher’s exact
test with a Bonferroni correction revealed no significant dif-
ference between the SEM analysis and UHS videography. In
both analysis methods, the specimens predominantly failed
cohesively in the adhesive resin, at the interface between
the adhesive and resin composite, or in their combination.
In contrast, no failure was observed at the dentin-adhesive
interface and within the resin composite. In the ER mode, sta-
tistically significant differences were observed between the
two failure-mode distributions in the dentin-adhesive inter-
facial failures (p=0.001), and cohesive failures were observed
in the adhesive resin (p=0.001). The SEM analysis identi-
fied that 48% of the specimens fractured cohesively in the
adhesive, whereas the rest was mainly distributed between
the dentin-adhesive interfacial, dentinal cohesive, and their
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Failure mode pattern [%)]

Observation
method

Application
mode

(7)Mix of (2)  (8) Mix of (3)

(5) Cohesive (6) Mix of (1)

(4) Adhesive-
composite

(3) Cohesive
in adhesive

resin

Dentin-
adhesive

)

(1) Cohesive
in dentin

in composite

resin

interfacial
failure

interfacial
failure

30
28

308
320
4B

304
282

10
12

SEM

UHS
SEM

SE mode

20
24

48A#

16"
48"

4b

243#

UHS

ER mode

Abbreviations: SEM: Scanning electron microscopy. UHS: Ultra high-speed imaging. The same superscript letters and the same marks indicate significant differences (p <0.05).

Table 3 - Micro-tensile bond strength values (n=>50):
Mean (S. D.).

Application mode

ER mode
71.7 (10.4)

SE mode
65.8 (10.2) P<0.05

wTBS (MPa)

Abbreviations: SE: self-etch, ER: etch-and-rinse.

mixed fractures. According to the UHS videography, 48% of the
failures occurred at the dentin-adhesive interface, followed by
cohesive failures within the adhesive (24%) and mixed failures
within the dentin and at the dentin-adhesive interface (24%).
Interestingly, no pure dentinal cohesive fracture was identi-
fied in the ER mode by the UHS videography compared with
four pure dentinal cohesive fractures (8%) observed by SEM.
In the SE mode, no cohesive fracture within the resin com-
posite was identified. The statistical analysis also indicated
that the SEM and UHS analyses revealed significant differ-
ences between the failure-mode distributions of the SE and ER
modes. Between both application modes (SE versus ER modes),
significant differences were found in the cohesive failures
within the adhesive layer (SEM: p=0.001, UHS: p=0.021) and
the adhesive-composite interfacial failures (SEM: p=0.001,
UHS: p=0.015).

Table 3 lists the mean pTBS values of the Clearfil SE Bond
to the dentin in the two application modes. A significant dif-
ference in pTBS was found between the SE and ER modes
(p=0.012).

4, Discussion

wTBS test is the most common method to evaluate the bond-
ing effectiveness to enamel and dentin in the dental academia
and industry [22]. Combined with the fractographic analysis
using SEM, which can identify each material on the fractured
surfaces, this procedure is considered standard for bonding
evaluation. However, the SEM analysis cannot provide suf-
ficient information on the dynamic phenomena of fracture
at the resin-dentin interface, e.g., crack initiation and prop-
agation. An adhesive failure can propagate into the dental
substrate or the resin composite, or conversely, an originally
cohesive fracture within the dentin or resin composite may
spread to the adhesive layer. In spite of the increased popular-
ity gained by the wTBS test, the fracture dynamics have never
been investigated in real time.

In the dental research field, Griffiths et al. used a video cam-
era with a frame rate of 25 fps to capture the fracture during a
conventional shear bond-strength test and successfully visu-
alized it [19]. However, our pilot study showed that such frame
rate is not sufficient to capture the images of a propagating
failure under the pTBS test. Therefore, UHS videography was
used and presented as a novel option to observe the fracture
phenomena during a pTBS test in real time. In the pilot study
using a UHS camera, various frame rates ranging from 1,000
to 1,000,000 fps were tested. Because the resolution rapidly
decreased with increasing frame rate, the highest achievable
frame rates did not provide sufficient image quality for crack
observation, and hence, the frame rate of 299,166 fps was
chosen as the most appropriate. Even though its resolution
of 256 x 112 pixels was not perfect, lower frame rates were
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Fig. 2 - Ultra-high-speed photographic visualization of the crack propagation in the resin-dentin interface created by Clearfil
SE Bond in the SE mode under a micro-tensile load (Multimedia Component 1 in Appendix A).

Selection of frames captured by the ultra-high-speed camera showing the crack propagation within the adhesive layer of
Clearfil SE Bond in the SE mode. The front of the crack propagation is indicated (white arrow in frame 3). Flying fragments

from the crack were observed (white arrow in frame 4). Frame rate: 291,666 fps (frame interval 3.428 ps); resolution:

256 x 112.

Fig. 3 - Crack opening at the adhesive-composite interface
in the specimen created by Clearfil SE Bond in the SE mode
(Appnedix A in Appnedix A).
(Top) Sequential images captured by the ultra-high-speed
camera under a tensile load. (A) Before crack initiation. (B)
Crack initiated at the center of the adhesive-composite
interface. (C) The crack propagated toward the edges. Frame
rate: 291,666 fps (frame interval 3.428 p.s); resolution:

256 x 112.

(Bottom) SEM image of the debonded surface at the dentin
side of the same specimen shown above. The yellow circle
indicates the corresponding failure origin, and the yellow
arrows indicate the “presumed” crack-propagation path.

1S5kV K?S 166rm BBBBSS

Fig. 4 - Representative the ultra-high-speed image of the
crack initiation at the interface between the adhesive layer
and composite in the SE mode of Clearfil SE Bond
(Appnedix A in Appendix A).

(Top) The white arrow indicates the crack initiation at the
middle of the adhesive-composite interface. Frame rate:
291,666 fps (frame interval 3.428 ps); resolution: 256 x 112.
(Bottom) SEM image of the debonded surface at the dentin
side of the same specimen shown above. The circle
indicates the corresponding location of the crack initiation.
The white arrows indicate the direction of crack
propagation.
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Fig. 5 — Representative the ultra-high-speed image of the
crack opening at the interface between the dentin and
adhesive layer in the ER mode of Clearfil SE Bond
(Appnedix A in Appendix A).

The arrows indicate the crack opening. Abbreviations: RC:
resin composite, AD: adhesive layer, D: dentin. Frame rate:
25,000 fps (frame interval 40 ps); resolution: 768 x 768.

unable to reliably catch the propagation of the fracture. On the
basis of this information, we calculated that the speed of the
crack propagation in the resin-dentin bonded specimens cre-
ated in this study exceeded 1,500 km/h. To increase the chance
of capturing the crack propagation, the dimensions of the
specimens were set to 1.4 mm x 0.7 mm (approximately corre-
sponding to 1-mm? area), and their longer side was recorded
by the camera. By using these settings, the cracks were clearly
captured and visualized Multimedia Components 1-5 and
Figs. 2-6). More specifically, the crack initiation could be seen
in Multimedia Components 2 and 3 and Figs. 3 and 4, and the

Fig. 6 - Representative the ultra-high-speed image of the
crack opening at the interface between the adhesive layer
and composite in the SE mode of Clearfil SE Bond
(Appnedix A in Appendix A).

The arrows indicate the crack opening. The asterisk shows
the bulk fragment of the composite. Abbreviations: RC:
resin composite, AD: adhesive layer, D: dentin. Frame rate:
10,000 fps (frame interval 100 ps); resolution: 608 x 608

crack propagation was recorded in Multimedia Components
1-3 and Figs. 2-4.

The comparison of the UHS videography and SEM frac-
tographic analysis in the SE mode showed very similar
failure-mode distributions, and no statistically significant
difference was found between them. Nevertheless, in contra-
diction to the null hypothesis, these methods demonstrated
different results in the ER mode. The UHS videography
identified that almost half of the failures occurred at the
dentin-adhesive interface. In comparison, the SEM analy-
sis also exhibited more mixed failures in the dentin and
dentin-adhesive interface, few adhesive cohesive fractures,
and no dentinal cohesive fractures. The resolution of the UHS
camera at this frame rate appeared to be insufficient to prop-
erly differentiate the layers at the basal side of the adhesive
interface. The incorrect identification of the cohesive frac-
tures in the dentin was probably caused by the fact that they
occurred closer to the dentin-adhesive interface compared
with those in the SE mode, which could be attributed to the
existence of a relatively deeply phosphoric-acid etched dentin
in the ER mode compared with the mildly acidic SE mode.
We speculate that the demineralization caused by phosphoric-
acid etching may have decreased the cohesive strength of the
dentin surface, resulting in its fracture immediately below the
interface [23]. The higher quantity of mixed dentinal cohe-
sive and dentin-adhesive interfacial fractures in the ER mode
appeared to corroborate this hypothesis as the crack could
cross the border between these two fine layers.

To evaluate the differences between the ER and SE
approaches, the experimental design should avoid all other
influences. The bond strength between the adhesives and
tooth structures is known to be influenced by a large num-
ber of variables such as the composite type, bonding area,
cross-head speed, substrate, specimen storage conditions, and
thermocycling [24]. Furthermore, the thickness [25,26] and
degree of conversion [27] of the adhesive layer also affect nTBS.
Therefore, in the present study, only one adhesive (Clearfil SE
Bond) in its two recommended application modes was used to
eliminate the other variables. Thus, the results of the wTBS test
and subsequent failure-mode analysis should only reflect the
differences in the etching depth and thickness of the hybrid
layer produced by the two application modes.

Both SEM and UHS failure-mode analysis revealed sig-
nificant differences between the failure mode distributions
of the SE and ER modes. In the ER mode, cohesive failures
within the adhesive layer were significantly more frequent
(48%) than those in the SE mode (30%), which demonstrated
more fractures at the interface between the adhesive and resin
composite, whereas the ER mode significantly failed more
often at the dentin-adhesive interface (UHS: p=0.015; and SEM
p<0.001). A significant difference was also found between the
wTBS values of the two application modes of the Clearfil SE
Bond. These results show that the adhesive-application mode
exerts an indisputable effect on the bonding performance
and failure mechanism. However, generalizing these results is
impossible because their long-term bonding efficiency needs
to be evaluated as well, and more adhesive systems should be
tested using these two application modes.

Despite the fact that the UHS videography was not as
accurate as SEM in the failure-mode analysis, it enabled
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visualization of the failure dynamics during the pTBS test
for the first time. Because the high-speed imaging field is
quickly evolving, the shortcomings of the UHS videography
mentioned in this study is highly probable that will soon be
overcome, and cameras with higher resolutions will be devel-
oped. The identification of the initial point of the crack and
its propagation provides complementary information to the
static SEM observation, which only shows the layer with the
lowest resistance to crack propagation. Information from UHS
videography can provide more clarity to the fracture dynamics
in the future and can hopefully help correlate in-vitro experi-
ments to in-vivo failures. Future studies should include more
variables in terms of specimen preparation, storage condi-
tions, and restorative materials. Moreover, for correlation to
in-vivo failures, fracture dynamics should also be observed
during mechanical tests other than micro-tensile load, such
as shear, compression, flexion, cyclic fatigue, and similar con-
ditions.

5. Conclusion

The null hypothesis tested in this study was partially rejected
because a difference was found between the failure-mode
distributions determined by the UHS videography and SEM
analysis in the ER mode. This difference could be attributed
to insufficient resolution of the camera when a very high
frame rate of 299,166 fps was used. However, the UHS videog-
raphy enabled recording of the fracture phenomena during the
WwTBS test for the first time. We also estimated that the crack
propagated at a speed exceeding 1,500 km/h as it was always
captured in only one frame despite their 3.428-ps interval. In
the future, UHS videography with even higher frame rate and
resolution can help in understanding the mechanism of frac-
ture dynamics at the resin-dentin interface and therefore aid
in further development of adhesive systems.
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