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Abstract

Objective: Herein, a feasible strategy based on a femtosecond laser (fs-laser) was provided to decelerate dentin
wear, and the effect of wear resistance improvement and its potential mechanism were explored.
Background: Tooth wear is a common phenomenon that exists throughout life. While once dentin is exposed, it
wears away very quickly. Decelerating tooth wear, especially dentin wear, is an important issue, but there is no
ideal treatment.
Materials and methods: Sixteen third molar dentin samples were randomly divided into the amalgam (N1 = 8)
and polymer infiltrated ceramic network (PICN) (N2 = 8) groups. One half of the sample was used as the exper-
imental object and the other for the blank self-control. Array microcavities were fabricated on the experimental
parts of all the samples with an fs-laser and then filled with the corresponding materials. The experimental and
control parts of all the samples were subjected to 3600 cycles of sliding wear tests with titanium balls. The
coefficients of friction (COFs) of every friction pair and the temperature rise were recorded in real time. The
wear volume and depth were measured by a laser confocal microscopy. Statistical differences of wear volume
and depth between the experimental and self-control parts were calculated by paired t-test. The wear mode was
observed with scanning electron microscopy (SEM).
Results: The COFs in the two experimental groups were significantly decreased. The maximum temperature
rise on the dentin surface was 2.0�C. The wear resistance in the amalgam and PICN groups was 4.48 and 3.53
times higher than blank dentin, respectively ( p < 0.001). The SEM images showed fewer plough grooves and
cracks in dentin after microtexturing.
Conclusions: This method could significantly improve tooth wear resistance by reducing the COFs between the
friction pairs and reducing the dentin’s ploughing effect and provide new treatment ideas for slowing the loss
of severely worn dentin.
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Introduction

Tooth wear is a common phenomenon that refers to the
loss of hard tissue in teeth without caries or trauma.1,2

Wei et al.3 found in 2014 that the prevalence of tooth wear
in the 35–49 and 50–74 age groups was 67.5% and 100%,
respectively. The wear resistance of dentin is lower than that
of enamel due to the lack of enamel rods and the reduction
of hydroxyapatite content. Once dentin is exposed, it wears
away very quickly. At present, according to the European
consensus on management guidelines of severe tooth wear4

in 2017, direct resin filling and full crown restoration have
some inevitable disadvantages as classic prosthodontic meth-
ods. Full and partial crowns, in addition to being costly, carry
a high risk of complications, some of which even compro-
mise the prognosis of teeth, and direct resin filling has a
relatively high failure rate.

To delay the loss of dental tissue, in addition to clini-
cal treatments,4 biomineralization has been a hot topic for
the regeneration or strengthening of teeth to protect weak
remaining hard tissue. Yamagishi et al. synthesized an enamel-
like assembly structure through in vitro experiments, but the
process was too complicated to apply to clinical practice.5

Shao et al.6 produced a precursor layer to induce the epi-
taxial crystal growth of hydroxyapatite enamel. However,
whether this method can deposit hydroxyapatite on dentin
has not been reported.

On the contrary, Esteves-Oliveira et al. either used a
remineralization fluid alone or combined it with a laser for
treatment and greatly improved the erosion resistance of
enamel; however, no wear resistance test was performed.7–13

Anastasiou et al.14 sintered an antiwear film on enamel by
a femtosecond laser (fs-laser) or CO2 laser. However, the
temperature in the sintering process is too high to meet the
needs of clinical applications.

The goal of decelerating tooth wear and, specifically, den-
tin wear is an important issue. However, few studies have
focused on improving the wear resistance of the tooth sur-
face. Recently, surface microtexturing has been an effective
method to improve the friction and wear properties of mech-
anical surfaces.15,16 Meanwhile, the fs-laser is an ultrashort
pulse laser with a pulse width of 10-15 sec. Due to its ultra-
short pulse duration, the material will be directly carried
away by plasma before the heat can spread around, which
can be regarded as ‘‘cold’’ processing. Studies17–19 have
shown that an fs-laser allows the efficient ablation of dentin
with negligible thermal degradation of the remaining tissue.

The purpose of this study was to provide a microtexturing
method to improve the wear resistance of teeth with den-
tin exposed without changing their macroscopic shape and

occlusal contact. The null hypothesis was that there is no
significant difference between the mean reductions of the
microtexturing part and self-blank dentin.

Materials and Methods

The study was approved by the local Research Ethics
Committee (PKUSSIRB-201949124). The flowchart of this
experiment is shown in Fig. 1. Microcavities were fabricated
on half of the dentin surfaces with an fs-laser and then
microfilled with amalgam or polymer infiltrated ceramic
network (PICN), leaving another part as a blank control. The
ball-on-flat linear reciprocating wear test was performed on
both parts of every sample. Every sample was subjected
to wear tests on both the experimental half and blank den-
tin half. Then, we measured the wear volume and depth to
determine whether there was a significant improvement
between their wear resistance values.

Based on the results of a pre-experiment, sample size cal-
culations were performed using the PASS software pack-
age version 11.0, and the sample size was calculated as 8.
Several extracted human third molars were collected and
stored in 0.1% thymol solution within one week up to the
beginning of the study. Sixteen molars of them were cut
perpendicular to the longitudinal axis of the tooth and then
prepared into dentin samples with a thickness of 2 mm.
Then, the dentin samples were embedded in a self-curing
resin with their upper surfaces exposed.

An fs-laser (the parameters are shown in Table 1) emit-
ting at a 1 kHz repetition rate was used for irradiation.20 The
processing schematic diagram is shown in Fig. 2. The cho-
sen laser scanning strategy had a meandering form (Fig. 2c)
that fits a circle. The parameters we used are also shown
in Table 1. Array microcavities with a diameter of *600 lm
were fabricated on the experimental side of each dentin
sample with a spacing of 200 lm. A pulp cavity temperature
measurement model was prepared, and the crown enamel
and 5 mm of the apical portion of an isolated molar were
removed, with dentin exposed on the upper surface. One
thermocouple head was inserted into the pulp cavity, and
another was placed on the dentin surface to measure the rise
in temperature during laser processing.

Microcavities in the amalgam and PICN groups were then
filled with a high-copper amalgam (Antai, Inc., China) and
PICN (Ceramage; Shofu, Japan), respectively. All the sam-
ples in the amalgam group were polished after filling and
then left for 24 h. Samples in the PICN group were filled and
then irradiated and cured with a specific illumination. After
24 h, all samples were again polished to 3000-grit sandpaper
with a water aid.

FIG. 1. The flowchart of
the experiment.

356 ZONG ET AL.

D
ow

nl
oa

de
d 

by
 P

ek
in

g 
U

ni
ve

rs
ity

 H
ea

lth
 S

ci
en

ce
 C

en
te

r 
fr

om
 w

w
w

.li
eb

er
tp

ub
.c

om
 a

t 0
5/

18
/2

2.
 F

or
 p

er
so

na
l u

se
 o

nl
y.

 



Tribological tests were conducted in a ball-on-flat config-
uration with a commercial wear machine (UMT-2). TA2 tita-
nium balls21 with a diameter of 6 mm served as antagonists.
The amalgam and PICN groups and the blank dentin in the
two groups served as the substrate. Therefore, combined with
the antagonists, the three different types of substrate in the
two groups formed three pairs of friction. The three pairs of
friction were subjected to a load of 30 N,22–24 a reciprocating
amplitude of 2.5 mm, and a frequency of 2 Hz.25 All experi-
ments were performed in artificial saliva lubrication26 at room
temperature for 3600 cycles. All dentin samples were sub-
jected to the test twice on both the experimental and control
parts. The computer recorded the real-time coefficients of fric-
tion (COFs), and the COF curves were plotted in Excel.

The wear volume and depth of the wear scars were
obtained with a laser confocal microscope (OLS5000; LEXT;
Olympus, Japan). The wear mechanisms were observed using
scanning electron microscopy (SEM; SU8010; Hitachi,
Japan). To eliminate the individual differences among dif-
ferent teeth, the wear volume and depth of the control part of
each specimen were divided by those of the experimental
part on the same tooth to obtain a ratio to represent the wear
results. The ratios of all dentin samples were calculated.

All of the measured and calculated results were input into
the IBM SPSS statistics program (version 24.0), and it was

verified that the data obeyed a normal distribution. Paired
sample t-tests were performed to assess the differences in
the wear volume and wear depth of the experimental and
control parts in the two groups. A p-value of <0.05 was con-
sidered statistically significant.

Results

Temperature changes during the preparation of micro-
cavities with the fs-laser are shown in Fig. 3. In the whole
process of array microcavity processing, the maximum tem-
perature rise of the pulp cavity is barely 0.6�C, and the
maximum temperature rise of the dentin surface is 2.0�C.

The COF curves obtained in three friction pairs are shown
in Fig. 4. The three friction pairs experienced a similar
process. In the first few seconds, the COFs increased sharply
and then zigzagged upward slowly. The COFs of the den-
tin are indicated by the yellow line, which finally reached
0.51 – 0.04. After microfilling with amalgam and PICN, the
COFs dropped to 0.24 – 0.02 and 0.35 – 0.02, as shown by
the red and blue lines, respectively.

The wear volume and wear depth in the two experimental
groups were significantly decreased ( p < 0.001). As shown
in Table 2, the wear volume of the dentin was *4.48 – 2.12
times that of the experimental part in the amalgam group
and 3.53 – 1.20 times that in the PICN group. The ratios of
the wear depth were 2.39 – 0.64 and 2.12 – 0.59, respec-
tively. The three-dimensional morphologies of the wear
scars are shown in Fig. 5.

The SEM images for the three friction pairs are shown in
Fig. 6. From left to right, the three columns show the wear
mode of dentin at magnifications of 30 · , 600 · , and 2000 ·
in three friction pairs. The yellow boxed regions are shown at
a higher magnification on the right. From top to bottom, three
rows indicate blank dentin (Fig. 6a–c), dentin in the wear scar
of the PICN group (Fig. 6d–f), and the dentin in the wear scar
of the amalgam group (Fig. 6g–i). In the wear scar of blank
dentin, at higher magnification (Fig. 6c), several plow marks
parallel to the siding direction can be seen, as shown in the red
pane. A large area of exfoliation and cracks, as shown by the
yellow circle, can be observed in the dentin.

Table 1. The Parameters of Laser

in the Experiment

Company Spectra-physics

Wavelength 800 nm
Pulse width 35 fs
Repetition frequency 1000 Hz
Maximum energy per pulse 3.5 mJ
Spot diameter 21.6 lm
Power 15 mW
Fluence 10.23 J/cm2

Space of scanning lines 10 lm
Percentage of spot overlap 95.37%
Percentage of line overlap 53.70%
Scanning speed 1000 lm/s

FIG. 2. Scheme of the fs-laser used for the ablation of the dentin samples (a). Dentin samples were placed on the
translation. The scanning paths of fs-laser for microcavity preparation are shown in b and c. fs-laser, femtosecond laser.
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For the dentin part of the wear scar in the PICN group
(Fig. 6f), the range and size of the exfoliation were obviously
smaller than those of the blank dentin, and some cracks, as
shown by the blue arrow, were visible. In the amalgam group
(Fig. 6i), exfoliation and cracks (the blue arrow indicates a
tiny crack) could barely be observed in the dentin part; in-
stead, large particles adhered to the surface, as shown by the
green arrow. The huge crack in Fig. 6d was caused during
the oven-dried procedure overnight before SEM observation.

All the data were normally distributed with a nonsignif-
icant Shapiro–Wilk result ( p > 0.05). As shown in Table 3,
the paired samples t-test indicated that the wear volume and
wear depth of the experimental and control parts in the two
groups were significantly different ( p < 0.001).

Discussion

In the present study, we investigated whether this strategy
could potentially improve the wear resistance of dentin. To
clarify the effect, we performed wear tests on dentin samples,
including both the experimental parts and the blank control
parts. We detected a reduction by measuring the volume and
depth of the wear scars with a laser confocal microscope and

FIG. 3. The rise of temperature of dentin surface and pulp
during the fs-laser processing.

FIG. 4. Coefficients of friction during 3600 cycles for the
three friction pairs.
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analyzed the wear mechanism with SEM. Our results showed
that the wear resistance of the dentin microfilled with pros-
thetic material was significantly improved. The null hypo-
thesis was rejected. The wear resistance in the amalgam and
PICN groups was 4.48 and 3.53 times higher than that of the
blank dentin. It can be inferred from the wear depth that after
applying this strategy, the time before the pulp in a severely
worn tooth is exposed can be doubled.

The ablation threshold18,27–29 for fs-laser processing of
dentin in the literature was 0.3* 1.4 J/cm2, and the fluence
used in this experiment was 10.23 J/cm2, which was 7.3–34

times the ablation threshold. Under the experimental param-
eters, an fs-laser can achieve high-quality preparation of
microcavities on dentin surfaces. Zach and Cohen30 found
that a temperature rise higher than 5.5�C could cause irre-
versible necrosis of part of the pulp. The maximum tem-
perature rise of the pulp and dentin surface was 0.6�C and
2.0�C during the whole processing in this experiment, which
revealed good biosafety.

The SEM images indicated that in addition to several
plow marks parallel to the siding direction, as observed in
the Zheng et al.21 study. A large area of exfoliation and cracks

FIG. 5. Three-dimensional morphology of wear scars in the blank dentin (a), PICN group (b), and amalgam group (c).
PICN, polymer infiltrated ceramic network.

FIG. 6. Morphologies of the wear scars in the three friction pairs. From left to right, the three columns show the wear mode of
dentin at magnifications of 30 · , 600 · , and 2000 · in the three friction pairs. From top to bottom, three rows indicate blank
dentin (a–c), dentin in the wear scar of PICN group (d–f), and dentin in the wear scar of amalgam group (g–i), respectively.
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was also observed in the blank dentin. The morphologies
showed that the wear mode of dentin with titanium spheres
was mainly abrasive wear and part of fatigue wear. After
microfilling with PICN, the range and depth of the dentin
partial exfoliation in the wear scar were obviously de-
creased. The fatigue wear of the dentin greatly weakened,
and the strong plow effect could hardly be seen. In the
amalgam group, abrasive wear and fatigue wear can solely
be seen; instead, large cohesive particles appeared. A pos-
sible explanation might be that the introduction of another
material changed the wear behavior of the dentin.

Since amalgam and PICN have a greater wear resistance
than dentin, microscopically, a very shallow layer of the den-
tin is first ground off, and then, the filled materials become
the prominent points that are ground against, with the antag-
onist in the next reciprocation cycle, thus reducing the stress
distributed on the dentin and delaying its loss.31 Different
dentin samples have diverse surface properties, and so to
obtain a relatively valid result, we included self-control for
every sample and used a ratio to represent the improvement,
which allowed us to eliminate individual differences.

Similarly, wear tests performed by Basnyat et al.32 on a
surface textured with a TiAlCN coating with molybdenum
disulfide (MoS2) showed a 50% increase in wear life. These
authors also used microtexturing technology, while their
substrate was steel. Although MoS2 served as a solid lu-
bricant in their study, new material was introduced to dif-
fuse the stress, and we obtained a similar effect. Esteves-
Oliveira et al.12 also used a novel laser strategy to treat
enamel and obtained good antierosion properties. However,
they did not involve friction and wear tests, and we cannot
imply that their wear resistance changed.

Tooth wear is a common phenomenon that exists throughout
one’s whole life. Once dentin is exposed, it wears away very
quickly. Because the wear resistance of dentin is lower than
that of enamel due to the lack of enamel rods and the reduc-
tion of hydroxyapatite content. There are no ideal treatments
to decelerate its quick loss. We applied the microtexturing
method to the surface of dentin and achieved great effect. Not
only can the wear resistance be improved 3*4 times, but the
wear behavior of dentin was also changed totally. The depth of
the microtexturing layer was only about 200lm, far less than
the preparation depth of a full crown. Meanwhile, fs-laser can
realize ‘‘cold’’ processing on the tooth with negligible ther-
mal degradation. So the preparation of microcavities was very
minimally invasive compared with the traditional mechanical
preparation. We believe it is an ideal minimally invasive ap-
proach to palliative treatment for severe dentin wear.

The present study has several limitations. First, for the
microfilling materials, we used an amalgam and PICN.33,34

Although the clinical application of amalgam has been

gradually reduced due to aesthetic concerns, we still in-
volved it in the experiment in light of its excellent wear
resistance and plasticity to prove the feasibility of the new
method that we explored. Composite resin and glass iono-
mer cement were not involved in this study because their
wear resistance was not as good as dentin. Then, only the
wear resistance of a certain proportion of microfilling of the
dentin surface was measured, and the specific correspon-
dence between the filling proportion and the increase in
the wear resistance has not been involved. At present, the
experiment is still in the early laboratory research stage.

In future clinical applications, an fs-laser device and a me-
chanical light-guiding arm will be needed to direct light from
the laser device into the patient’s oral cavity. Our research
team has planned the method of clinical application in the
future and designed it as an fs-laser oral therapy robot.35–37

The specific fs-laser device limits its immediate usage in the
dental office. This study is just the beginning of this research
project and there remain a number of research topics.

Conclusions

Overall, the wear resistance of the dentin was greatly
improved with microcavities prepared by an fs-laser and
filled with an amalgam or PICN. It can be inferred that after
applying the strategy, the time before pulp exposure of a
severely worn tooth can be doubled. Further study could
assess the wear resistance improvement with antagonists of
different materials to adapt to different oral conditions. The
specific correspondence between the filling proportion and
the increase in the wear resistance remains to be studied.
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