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Abstract: Background: Atomic force microscopy imaging was used to study the structural topography
of enamel crystals in healthy and affected enamel. The correlation of topographic images with
nanomechanical properties allows for the assessment of morphology and properties at the micro-
and nano-meter level in three dimensions simultaneously. Methods: A total of 60 premolars were
treated like teeth during orthodontic bonding and debonding procedures. Every stage was observed
in AFM. Surface roughness, image surface area difference, mean Young’s modulus, and mean
adhesion force (the force of attraction between the scanning blade and the surface averaged over
the image) were determined for the following areas: the central part of the surface, responsible for
load transmission; the top of the surface, subject to the most abrasive wear; the lower part of the
surface, responsible for the transport of fluids. Results: The highest roughness occurred on the etched
surface—average 63 nm, followed by the intact enamel—8.3 nm, cleaned enamel—7.0 nm, and the
resin-coated surface—5.4 nm. Conclusion: Etching increases enamel roughness and reduces hardness.
Resin reduces roughness of the etched surface and increases hardness. The intact enamel has the
highest hardness. The enamel smoothness is greater after polishing than in the intact enamel.

Keywords: orthodontics; enamel; AFM; atomic force microscopy; nanomechanical properties;
enamel roughness

1. Introduction

Orthodontic treatment with fixed braces and aligners requires special preparation
of the enamel surface for fixing attachments necessary for orthodontic tooth movement.
The enamel quality and thickness have a direct impact on the bond strength between a
composite material and the tissue surface and indirectly affect the bond strength between
an orthodontic abutment and the composite material [1]. The bond strength between the
enamel surface and the material is also influenced by other factors, such as the details of
the acid etching (acid organic/inorganic composition and concentration, process time), pH
reaction, enamel structure (morphology, calcium phosphate concentration, enamel site),
etchant viscosity and rinsing time [2,3].

On the other hand, the bond strength affects enamel damage that occurs during
debracketing and the amount of remnant composite material that has to be removed in
order to restore the enamel to its pre-treatment condition. Thus, the amount affects the
length and aggressiveness of enamel cleaning, which can also lead to tissue damage.

The procedure for attaching orthodontic abutments to the enamel surface involves
etching the enamel with 36% orthophosphoric acid, followed by the application of resin
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and a composite material. Enamel etching has become a breakthrough method for keeping
abutments on the enamel surface; their resistance to the pulling force comes from the
arc, and the pushing force comes from the aligners, thus providing an effective treatment
process [4–6]. However, enamel etching is associated with tissue loss ranging from 5 to
60 µm, showing significant iatrogenic effects [5–8]. Changes in enamel thickness after
orthodontic treatment due to the method of gluing the abutments, their type, and the
applied force necessary to remove them has already been investigated in a previous paper
by Machoy et al. [1,9,10] and depends on initial condition and etching time. Enamel is
highly mineralized and and is the hardest tissue in the human body, consisting of 96%
inorganic substances, 2% organic substances and 2% water [11]. Tissue etching results in
removing the organic substances, making the surface structure rough. Another procedure
related to orthodontic treatment with fixed appliances, i.e., enamel cleaning after abutment
removal, may also cause surface roughness, depending on the tool with which the enamel
is cleaned [12,13]. The aim of the present study was to determine the changes in the surface
topography, i.e., roughness and morphology, as well as the nanomechanical properties,
such as adhesion and Young’s modulus, associated with the procedure of attachment and
removal of orthodontic abutments as well as enamel cleaning.

Due to its structure and nanomechanical properties, enamel withstands the enor-
mous pressure generated by chewing forces, showing an average elasticity modulus of
70–120 GPA [14]. These properties can be assessed by AFM (atomic force microscopy)
imaging, which enables spatial observation of the topography of biological specimens. The
correlation of topographic images with nanomechanical properties allows for the assess-
ment of morphology and properties at the micro- and nano-meter level in three dimensions
simultaneously without the need for enamel preparation [15–17]. Atomic force microscopy
(AFM) was used to study the structural topography of enamel crystals in healthy and
affected enamel [18–21].

The aim of the study was to map the mechanical properties of enamel surfaces during
orthodontic treatment.

The specific aim of the study was to evaluate

• whether enamel etching results in removing organic substances of the tissue,
• whether the use of resin changes the surface of the etched tissue,
• after which procedure the enamel has the highest hardness, and
• after which procedure the enamel smoothness is the greatest.

The research hypothesis was the assumption that in orthodontic procedures the
nanomechanical properties of the tissue are changing.

2. Materials and Methods
2.1. Preparation of Specimens

Freshly extracted human premolars were collected with informed consent from donors
and were used for all the experiments at the clinic of the Department of Orthodontics,
Pomeranian Medical University. The donors were aged 18–50 years and were healthy, with
no age-related systemic diseases. Intact premolars were extracted and observed with a
stereo microscope (Olympus BX3, Athens, Greece) at 10x magnification. The teeth were
obtained under a protocol that was analyzed and approved by the Ethical Committee of
the Pomeranian Medical University, Szczecin, Poland (resolution no.: KB-0012/85/2020).

The teeth were stored in demineralized water with a crystal of thymol (0.1%) at room
temperature for no longer than one month before experimentation. Before starting the
orthodontic bonding procedure, the tooth surface was cleaned using a polisher (TopDental,
Bielsko-Biała, Poland) with fluoride-free toothpaste, Pressage (Shofu Inc., Kyoto, Japan),
designed for enamel preparation prior to fastening orthodontic brackets. Then, the teeth
were washed with distilled water and dried with compressed air for 15 s. Sixty premolars
whose enamel was free of caries and white spots, cracks, or enamel hypoplasia were chosen
for investigation in this study out of 120 extracted premolars. The residuals were removed
before use, and then the premolars were washed repeatedly with clean water.
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2.2. Division of the Study Groups

The teeth were divided into 4 groups of 15 teeth each. The groups included teeth with

(1) intact enamel;
(2) etched enamel;
(3) enamel with composite resin;
(4) cleaned enamel.

In the first group, the enamel was cleaned with a brush and paste (as described above).
In the second group, the vestibular surface of the tooth was etched for 30 s with a 37%

solution of phosphoric acid—Blue-Etch (Cerkamed, Stalowa Wola, Poland)—rinsed with
distilled water for 15 s and dried using compressed air.

In the third group, the adhesive system TransbondTM XT Light Cure Primer (3MTM,
US) was rubbed with an applicator into the etched enamel surface for 15 s; then, the surface
was dried under a gentle stream of air for 3 s and cured with a halogen lamp with light
intensity of 750 mW/cm2 for 20 s.

In the fourth group, the adhesive material was removed from the enamel surface using
a rubber OneGloss Polisher (Shofu Dental GmbH, Kyoto, Japan). The enamel was cleaned
with the use of a micromotor, commonly mounted to a dental unit, at a speed of 40,000 rpm,
with water cooling and a pressure force of 1.0 N. The force was measured on a test stand
consisting of scales, on which the processed tooth was placed. The procedure of enamel
cleaning was considered to be finished based on a loop examination at 4x magnification
and by probing with a 23 cm stylet under the dental unit light.

2.3. AFM Examination

A water-cooled diamond saw (314.249.524 ATZ Farmont) was used to cut out rectan-
gular enamel slabs of approximately 5 × 5 × 1 mm3. Obtained samples were glued with
highly adhesive thermoplastic material to microscope slides, and then their surfaces were
prepared for examination using AFM. Preparation involved wetting of the sample surfaces
with ethanol, quickly blowing off the residual alcohol and briefly drying in a stream of air
followed by drying in the open air.

The atomic force microscope used in the study was Multimode 8, with a Nanoscope
V controller (Bruker). The scanning probe was HQ:NSC14/ALBS (MikroMasch). The
samples were imaged in the PF-QNM mode in the air; scan length was 1 µm, with the
resolution 256 scan steps along each direction.

Obtained AFM images were processed in order to remove the surface tilt and to align
individual image lines.

The following nanomechanical parameters were determined:

1. Sq: Surface roughness—root mean square surface roughness;
2. ISAD: Image Surface Area Difference—surface development; the ratio of the area

spanned by the samples (triangulated) to the area of a flat surface with the same side
length; the difference between the 3D surface area and its 2D footprint area;

3. Ym: Mean Young’s modulus—Young’s pseudo-modulus of elasticity averaged over
the image;

4. Fam: Mean adhesion force—the force of attraction between the scanning blade and
the surface averaged over the image;

5. Sk: core—the central part of the surface responsible for load transmission;
6. Spk: peaks—top of the surface, subject to the most abrasive wear;
7. Svk: valleys—the lower part of the surface responsible for the transport of fluids.

Figure 1 shows the sample image of the AFM mapping.
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Figure 1. Visualization of topography, Mean Young’s modulus and adhesion in atomic force microscopy.

2.4. Statistical Analysis

To compare the test results in the intact, cleaned, etched, and resin groups, the Kruskal-
Wallis, ANOVA and median tests as well as multiple comparisons of mean ranks for all the
samples were used. The level of statistical significance was p < 0.05.

3. Results

The obtained mean values of nanomechanical parameters in all groups are presented
in Table 1.

Table 1. Mean values of nanomechanical parameters in groups 1, 2, 3, 4.

Sample Sq
[nm]

ISAD
[%]

Sk
[nm]

Spk
[nm]

Svk
[nm]

Ym
[MPa]

FAm
[nN]

1 8.3(1.7) 8.0(3.5) 19.6(3.6) 7.1(2.9) 10.2(2.5) 510(110) 1.13(0.24)

2 36(12) 51(21) 85(25) 34(15) 45(17) 550(200) 1.26(0.20)

3 5.4(2.2) 3.4(3.4) 13.5(7.4) 13(11) 8.0(5.6) 520(160) 1.65(0.36)

4 7.0(2.1) 3.2(1.3) 15.4(5.3) 7.2(4.2) 7.7(6.3) 610(130) 1.89(0.32)
Sq: surface roughness—root mean square surface roughness; ISAD: Image Surface Area Difference—surface
development (the ratio of the area spanned by the samples (triangulated) to the area of a flat surface with the
same side length); Ym: mean Young’s modulus—Young’s pseudo-modulus of elasticity averaged over the image;
Fam: mean adhesion force—the force of attraction between the scanning blade and the surface averaged over the
image; Sk: core—the central part of the surface responsible for load transmission.

(1) Sq: surface roughness
The roughness parameter analysis showed that

• the highest roughness occurred after etching the surface and was on average 36 nm,
• the resin-coated surface showed roughness of 5.4 nm and was only slightly (but statis-

tically significantly, p < 0.05) less rough than the intact enamel, where the roughness
was 8.3 nm and

• the roughness in the group of teeth with cleaned enamel was 7.0 nm and was lower
than in the intact enamel group and similar to the resin-coated enamel group. These
differences were statistically significant (p < 0.05).

The results of the above analysis are presented graphically in Figure 2.
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Figure 2. Surface roughness and development averaged over the samples (N: intact, W: etched,
Z: resin, O: cleaned).

(2) Ym: mean Young’s modulus—pseudo-modulus of elasticity
Enamel etching and its cleaning of the resin are the steps of the orthodontic abutment

bonding procedure, which significantly increase the elasticity coefficient.
The mean value of the pseudo-modulus of elasticity is shown in Figure 3.

Figure 3. Graph of the averaged Young’s pseudo-modulus of elasticity. The black dot means
mean value.

The Young’s pseudo-modulus is the largest after enamel etching and has a mean value
of 350–750 MPa; after enamel cleaning, it is 500–750 MPa (p < 0.05).

The pseudo-modulus in the intact enamel is on average 400–620 MPa; after using the
resin, it is 350–650 MPa.

(3) Fam: mean adhesion force—the force of attraction between the scanning blade
and the surface averaged over the image are presented in Figure 4.
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Figure 4. Graph of the averaged blade-surface adhesion force. The black dot means mean value.

The samples with the intact enamel show an adhesion strength of 0.9–1.3 Fadh (nN)
and the samples with the etched enamel show a force of 1.0–1.5 Fadh (nN), whereas the
samples from groups 3 and 4 show a greater range of adhesion: 1.25–2.0 Fadh (nN) and
1.5–2.25 Fadh (nN), respectively.

(4) Surface development
The graph in Figure 5 correlates with Figure 1, which results from the direct relation-

ship between the surface roughness (height amplitude) and the thickness of the individual
components. The strong effect of etching on exposing the porous surface structure is
again confirmed.

Figure 5. Graphs showing the values of functional parameters of the surface texture describing
thicknesses of the surface components: core (Sk), peaks (Spk) and valleys (Svk).

4. Discussion

The iatrogenic effect of orthodontic treatment on tooth tissues has been studied for
many years. So far, studies have been carried out with the use of a profilometer, SEM [22],
OCT [1] and AFM [23].

Various aspects of the negative impact of fixing orthodontic brackets have been
investigated, such as the influence of etchants on the enamel (classic etching method, self-
etching system) [24], the presence and type of abutments [13], contact time with the enamel
and methods of their removal. The effects of cleaning of the composite resin remnants and
the adhesive from the enamel with rotating tools [25] were also analysed.
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The research described in this paper focuses on the assessment of changes in the
topography and nanomechanical properties of enamel during orthodontic treatment with
fixed braces and aligners. Due to the use of additional attachments, the aligners also require
enamel surface preparation in the same way as the attachments of fixed braces.

The first stage of enamel preparation is etching. The effect of etching on the human
enamel depends on nanochemical and nanophysical interactions between acids and the
enamel. These interactions may lead to the loss of hydroxyapatite crystals on the surface
and the erosion process, resulting in a rough enamel surface [26]. AFM studies confirm
the highest enamel roughness after etching. There are reports indicating that there is a
significant difference in the acid etching patterns on different teeth, which suggests that
in vitro tests should be performed on one tooth type or with the same number of different
tooth types, which was done in the described experiment [27–30].

The resin-coated surface showed slightly lower roughness than the intact enamel. The
roughness parameter in the group of teeth with cleaned enamel was lower than in the
intact enamel group and similar to the group of surfaces covered with resin.

The results support the assumption that enamel etching removes organic matter,
leaving a porous surface structure. Noteworthy is the strong surface development after
etching, probably associated with removing all loosely connected elements and exposing
the hard, porous structure of the sample. The applied resin refills the pores, which reduces
the roughness and development ratio to previous values. An interesting result is the
reduced roughness of the enamel after it has been cleaned of the orthodontic adhesive
remnants using a rubber containing aluminum oxides. Many studies show an increase in
surface roughness after using cemented carbide, composite or glass fibre drills [31–33]. This
suggests that the use of rubbers with alumina, despite the extended cleaning time, is safer
for the tissue surface than drills of any kind. Some studies [34] question the validity of using
AFM to assess enamel roughness. Due to the fact that the pits between enamel crystals
formed by acid etching are deeper than the AFM needle length, it is not possible to reach all
the crystallite surfaces of the acid-etched enamel ends, and this leads to the profilometric
underestimation of the roughness parameters of the acid-etched enamel. Therefore, AFM
images at low magnification appear much smoother than SEM images at the appropriate
magnification. However, at higher magnification, the AFM images of acid-etched enamel
reflect the geometry of the probe tip. As a consequence, all roughness parameters measured
with AFM on acid-etched tooth enamel surfaces are largely underestimated. However, the
main advantage of AFM over other technologies is that it provides quantitative roughness
data [15,35]. This method has proven effective in assessing micro-damage on hard surfaces.
The advantages of AFM include the simultaneous delivery of 2D and 3D images and
minimal sample preparation. Moreover, this method does not require staining or coating of
the tested samples [36–38]. Similar tests were made according to restorative dentistry [39].

The enamel microstructure can withstand repeated mechanical stress. Although
significant progress has been made in understanding the mechanical properties of enamel,
there are still challenges in testing and interpreting its nanomechanical properties. For
example, enamel studied in vitro is tested under dry conditions, which are significantly
different from the natural environment; the measurement site differs, and the thickness and
strength of the enamel vary depending on the area of the tooth it covers. The conducted
research has shown that the Young’s pseudo-modulus is the highest after enamel etching
and after enamel cleaning. These results differ from the studies by Ioannidis et al. [40],
which showed no change in the nanomechanical properties of enamel during bonding and
disassembly of orthodontic abutments. Differences in results between SEM and AFM may
be due to a different test environment. AFM tests are carried out in an environment similar
to the natural conditions for enamel, according to a study by G. W. Marshall Jr., which
showed fracture toughness values for enamel of 0.6–0.9 MPa·m1/2 [40].

Fluctuations in the adhesion force during imaging in air are related to the geometry of
the blade-surface contact and the thickness of the capillary layer. Assuming constant blade
geometry, it can be assumed that the changes observed here correspond to changes in the
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hydrophilicity/hydrophobicity of the surface because the samples in the etched enamel
group, characterized by strong surface development (and large depth of gaps that retain
the capillary layer), have adhesion strength similar to that of samples with intact enamel,
whose roughness is 10 times lower and thus are more hydrophobic. In turn, samples
from groups 3 and 4 show greater adhesion; therefore, they are more hydrophilic. The
clear upward tendency of the adhesive forces indicates the increasing force of the blade-
surface interaction, which may be related to porosity. The high porosity of the untreated
surface makes it difficult to form a capillary layer, unlike the smooth surface after applying
the resin.

5. Conclusions

• Etching results in removing organic substances of enamel, which increases its rough-
ness and reduces tissue hardness.

• The use of resin reduces roughness of the etched surface and increases hardness
compared to the etched enamel.

• The intact enamel reveals the highest hardness.
• The enamel smoothness is greater after polishing the enamel with an alumina rubber

than in the intact enamel, which suggests the legitimacy of dental polishing of healthy
teeth in order to reduce the deposition of biofilms and plaque.

• The highest adhesion in the resin-coated enamel group confirms the legitimacy of
using the procedure of etching and bonding the enamel in order to increase the
strength of the bond between the enamel and the composite material.
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