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Abstract

Background The intrusion of maxillary anterior teeth is often required and there are various intrusion modes with
mini-implants in clear aligner treatment. The objective of this study was to evaluate the effectiveness of maxillary
anterior teeth intrusion with different intrusion modes, aiming to provide references for precise and safe intrusion
movements in clinical practice.

Methods Cone-beam computed tomography and intraoral optical scanning data of a patient were collected. Finite
element models of the maxilla, maxillary dentition, periodontal ligaments (PDLs), clear aligner (CA), attachments, and
mini-implants were established. Different intrusion modes of the maxillary anterior teeth were simulated by changing
the mini-implant site (between central incisors, between central and lateral incisor, between lateral incisor and
canine), loading site (between central incisors, on central incisor, between central and lateral incisor, between lateral
incisor and canine), and loading mode (labial loading and labiolingual loading). Ten conditions were generated and
intrusive forces of 100 g were applied totally. Then displacement tendency of the maxillary anterior teeth and CA, and
stress of the PDLs were analyzed.

Results For the central incisor under condition L14 and for the canine under conditions L11, L13, L23, and L33,
the intrusion amount was negative. Under other conditions, the intrusion amount was positive. The labiolingual
angulation of maxillary anterior teeth exhibited positive changes under all conditions, with greater changes under
linguoincisal loading. The mesiodistal angulation of canine exhibited positive changes under labial loading, while
negative changes under linguoincisal loading except for condition L14.

Conclusions The intrusion amount, labiolingual and mesiodistal angulations of the maxillary anterior teeth were
affected by the mini-implant site, loading site, and loading mode. Labial and linguoincisal loading may have opposite
effects on the intrusion amount of maxillary anterior teeth and the mesiodistal angulation of canine. The labiolingual
angulation of the maxillary incisors would increase under all intrusion modes, with greater increases under
linguoincisal loading.
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Background

There are numerous clinical situations requiring the
intrusion of maxillary anterior teeth, such as gummy
smile and deep overbite. The gummy smile not only
affects facial aesthetics, but also induces negative emo-
tions during social interaction [1, 2]. For those resulting
from anterior dentoalveolar extrusion and vertical maxil-
lary excess, it can be improved by the intrusion of maxil-
lary anterior teeth [1, 2]. Additionally, the deep overbite
is a common malocclusion, which can affect facial aes-
thetics, occlusal function, and overall oral health [3]. In
cases of skeletal Class II and vertical growth pattern with
deep overbite, the intrusion of maxillary anterior teeth
not only facilitates bite opening but also creates space for
counterclockwise rotation of the mandible, which is cru-
cial for the improvement of facial profile [1, 4].

Traditional methods for intruding maxillary ante-
rior teeth, including J-hook headgear, continuous arch,
segmental intrusion arches, Rickett’s utility arch, etc.,
have various limitations. J-hook headgear causes strong
discomfort and requires patient compliance [4]. Other
methods are less effective and may lead to the extrusion
of posterior teeth [3]. Researchers have confirmed that
the application of mini-implants can effectively facili-
tate the intrusion of maxillary anterior teeth and achieve
true intrusion [3]. Mini-implants have the advantages
of immediate force application, clear biomechanics,
and diversity of implantation site and force direction [3,
5]. However, different mini-implant sites and loading
sites will lead to different force lines and then different
effects. In fixed orthodontic treatment, some studies have
reported that mini-implants can be placed between max-
illary central incisors [6], central incisor and lateral inci-
sor [1], lateral incisor and canine [6, 7]. Mini-implants
between central incisors can effectively increase the
labiolingual angulation of maxillary anterior teeth, while
mini-implants between lateral incisor and canine are
advantageous for achieving true intrusion [6].

Recently, clear aligner (CA) has become an increasingly
important part of orthodontic treatment due to its advan-
tages of aesthetics, comfort, and less impact on social life
[8]. However, CA is not effective in intruding the ante-
rior teeth. Some researchers proposed that the intrusion
of anterior teeth is one of the most difficult movements
to achieve with CA [9], with studies showing an average
efficiency of 51.1% and an average true intrusion amount
of 0.9 mm [10]. It has been shown that combining CA
with mini-implants can effectively improve the intrusion
efficiency of maxillary anterior teeth [11, 12]. Neverthe-
less, the biomechanics involved is more complicated due
to the different force application patterns and material

characteristics [13]. The different effects caused by dif-
ferent intrusion modes in clear aligner treatment remain
unclear and lack reliable references in clinical practice.

In this study, finite element analysis (FEA) was used to
investigate the effectiveness of different intrusion modes
of maxillary anterior teeth with mini-implants, in order
to provide references for precise and safe intrusion move-
ments in clear aligner treatment. And the following null
hypotheses were proposed: (1) Different intrusion modes
do not affect the displacement tendency of the maxillary
anterior teeth and CA. (2) Different intrusion modes do
not affect the stress of the PDLs.

Methods

A 22-year-old female patient was selected as the research
subject. The patient met the following inclusion criteria:
(1) permanent dentition with basically symmetrical den-
tal arch; (2) normal labiolingual angulation of maxillary
anterior teeth (U1-SN=100°); (3) normal morphology
and crown-root ratio of maxillary anterior teeth; (4) no
apparent crowding; (5) no periodontal disease and orth-
odontic history; (6) consonant smile arc.

Cone-beam computed tomography (CBCT) and intra-
oral optical scanning data were collected for the recon-
struction of digital models. Firstly, CBCT data were
imported into Mimics (version 21.0; Materialise, Leuven,
Belgium), where three-dimensional models of the max-
illa and maxillary dentition were established based on
the different gray-scale values of different tissues. Next,
the models were imported into Geomagic Studio (version
2016; 3D systems, USA) for smoothing and noise reduc-
tion. Then, the iterative closest point technique was used
to precisely align the reconstructed model with the intra-
oral scan model, resulting in a high-precision dentition
model.

According to the clinical situation, vertical rectan-
gular attachments (2x4x1 mm) were designed on the
bilateral maxillary canines, and horizontal rectangular
attachments (3X2x1 mm) were designed on the premo-
lars. The periodontal ligaments (PDLs) were modeled on
root shape with uniform thickness of 0.25 mm [8]. Based
on Masterforce (Angelalign Technology Inc., Shang-
hai, China), a more realistic CA model with nonuniform
thickness was established by simulating the thermoform-
ing process in Abaqus (version 2016; Simula, USA) [14].
Then, all components were assembled to generate the
final model. All components were meshed as tetrahedral
elements, with the mesh size of 0.1 mm for attachments
and 0.3 mm for other components. The number of nodes
and elements of each component was listed in Table 1.
The PDL models were set as linear elastic materials to
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Table 1 Number of nodes and elements of the components

Component Elements Nodes

Dentition 252,572 126,328
PDL 78,042 79,300
Cancellous bone 353,090 79,966
Cortical bone 617,770 151,190
Clear aligner 79,626 79,626
Mini-implant 25,856 12,932

Table 2 Material properties

Component Young’s modulus (MPa) Poisson’s ratio
Teeth 19,600 0.30
PDL 0.69 0.45
Cancellous bone 1500 0.30
Cortical bone 14,700 0.30
Clear aligner 528 036
Attachment 12,500 036
Mini-implant 103,000 033

achieve an optimal balance between accuracy and com-
putational efficiency. Other components were set to be
isotropic, homogeneous, and linear elastic. The material
properties, as listed in Table 2, were determined accord-
ing to previous studies [8, 15-17].

The base of the maxilla was fixed, that is, zero displace-
ment and zero rotation were set. By sharing finite ele-
ment nodes, bonded contacts were set between the PDLs
and bone, the PDLs and teeth, the mini-implants and
bone, as well as the attachments and teeth. Surface-to-
surface contacts were set between the CA and teeth, as
well as the CA and attachments, with the frictional coef-
ficient of 0.2 [15].

As displayed in Fig. 1, three kinds of mini-implant site
were designed: between central incisors, between cen-
tral and lateral incisor, and between lateral incisor and
canine, which were marked as “1, 2, 3” from mesial to dis-
tal respectively. Four kinds of loading site were designed:
between central incisors, on central incisor, between
central and lateral incisor, and between lateral inci-
sor and canine, which were marked as “1, 2, 3, 4” from
mesial to distal respectively. Two kinds of loading mode
were designed, with labial loading marked as “B” and lin-
guoincisal loading marked as “L” For labial loading, elas-
tic bands were worn from the mini-implants to the labial
side of CA. For linguoincisal loading, elastic bands were
worn from the mini-implants to the lingual side of CA,
passing beneath the incisal edges. As displayed in Fig. 2, a
total of ten conditions were generated. Under each condi-
tion, one or two loading sites were designed, and the cor-
responding force value of each site was set 100 g and 50 g
respectively to ensure the total force was 100 g [17, 18].

The center of resistance (CR) points of maxillary ante-
rior teeth were defined as the position of 1/3 root length
measured apically from the alveolar crest [16]. The
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maxillary occlusal plane was defined as the plane pass-
ing through the midpoint of the central incisors and the
mesial buccal cusps of the first molars [9]. The tooth axis
was defined as the line connecting the incisal center or
canine cusp and the CR point [19].

Since the left and right sides of the model were basically
symmetrical, only the right side was analyzed. As dis-
played in Fig. 3, two types of coordinates were designed:

(1) the global coordinate (x1ylz1) was established
relative to the entire model, with the origin set at
the midpoint of the central incisors. The z1-axis
represented the vertical direction, with the positive
direction pointing apically perpendicular to the
occlusal plane.

(2)the local coordinates (x2y2z2) were established
individually for each anterior tooth, with the origins
set at the CR points of each tooth. The x2-axis
represented the direction of the line connecting
mesiodistal contact points; the y2-axis represented
the labiolingual direction; and the z2-axis
represented the direction of tooth axis.

The measuring items included:

(1) the intrusion amount of maxillary anterior teeth:
it was defined as the displacement of CR points in
z1-direction, with positive values for intrusion;

(2) the change in labiolingual angulation of maxillary
anterior teeth: it was defined as the angle of tooth
axes on the sagittal plane under the local coordinates
before and after loading, with positive values for
crown labial tipping;

(3)the change in mesiodistal angulation of canine: it
was defined as the angle of tooth axes on the coronal
plane under the local coordinates before and after
loading, with positive values for crown mesial
tipping;

(4)the initial displacement tendency of CA;

(5)the maximum principal stress of PDLs: negative
values represented compressive stress and positive
values represented tensile stress.

Results

Effects of different intrusion modes on the intrusion
amount

As displayed in Fig. 4 (a), the intrusion amount of the lat-
eral incisor was positive under all conditions. The intru-
sion amount of the central incisor and canine was positive
under labial loading, but the intrusion amount of the
central incisor was negative under L14 (-0.024 pm). The
intrusion amount of the canine was negative under L11,
L13, L23, and L33, with the minimum observed under
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(b)

L: linguoincisal loading

Fig. 1 Different mini-implant sites, loading sites and loading modes. (a) Different mini-implant sites and loading sites. (b) Different loading modes
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L33

Linguoincisal loading

Fig. 2 Different conditions. Each condition was named in the form of “letter + number + number’, where the letter represents the loading mode, the first
number represents the mini-implant site, and the second number represents the loading site. The red lines represent the elastic bands under labial load-
ing, and the blue lines represent the elastic bands under linguoincisal loading

L11 (-0.163 pum). The intrusion amount of the central
incisor was the highest under B11 (1.535 pum), followed
by L11 (1.430 um), B12 (1.330 pm), B23 (0.927 pum), and
B13 (0.861 pm); The intrusion amount of the lateral inci-
sor was the highest under L23 (1.240 um), followed by
L33 (1.230 pm), L14 (0.998 pm), L13 (0.888 pm), and
B23 (0.838 pm); The intrusion amount of the canine
was the highest under L14 (0.509 pm), followed by B13
(0.037 pm), B23 (0.036 pm), B33 (0.027 pm), and B12
(0.013 um).

Effects of different intrusion modes on the labiolingual
angulation

As displayed in Fig. 4 (b), the changes in labiolingual
angulation were positive under all conditions. For the
central incisor, the maximum was observed under L11
(19.465"), followed by B11 (19.096"), B12 (16.406"), L23
(16.381"), and L13 (16.128"); For the lateral incisor, the
maximum was observed under L33 (20.231"), followed
by L23 (16.767"), L11 (11.835"), B33 (10.729"), and L13
(9.905"); For the canine, the maximum was observed
under L11 (7.703"), followed by L33 (6.909”), L23
(5.636"), L13 (3.904"), and B13 (1.801"). With the same
mini-implant and loading sites, linguoincisal loading
resulted in greater changes in labiolingual angulation of
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Fig. 3 The 3D coordinate systems. x1y1z1: the global coordinate; x2y2z2: the local coordinate

the maxillary incisors compared to labial loading, such as
L11 and B11, L13 and B13, L23 and B23, as well as L33
and B33.

Effects of different intrusion modes on the mesiodistal
angulation of canine

As displayed in Fig. 4 (c), the changes in mesiodistal
angulation of canine were positive under labial loading,
with the maximum observed under B13 (1.144”). While
the changes were negative under linguoincisal loading
except for condition L14, with the minimum observed
under L11 (-3.319”).

Effects of different intrusion modes on the displacement
tendency of CA

As displayed in Fig. 5, the CA at the posterior teeth was
displaced downward under all conditions. For the CA at
the anterior teeth, its labial surface was displaced upward
under all conditions, with a more obvious tendency
under labial loading. Its lingual surface was displaced
upward under labial loading but downward under lin-
guoincisal loading.

Effects of different intrusion modes on the maximum
principal stress of PDLs

As displayed in Fig. 6, the stress was mainly concentrated
in the cervical and apical regions. The peak values of PDL
compressive stress were listed in Table 3. Among all con-
ditions, the peak stress values of the central incisor were
higher under B11 (17.1 KPa) and L11 (23.5 KPa).

Discussion

The intrusion of maxillary anterior teeth has always
posed challenges in orthodontics, while the application
of mini-implants has significantly improved the intrusion
efficiency [3, 11, 12]. Moreover, different mini-implant
sites and loading sites can be selected to design different
intrusion modes [6, 7, 11, 12]. Compared to fixed appli-
ance, the CA offers a wider range of loading sites. For
example, intrusive forces can be applied to the labial or
lingual side of the CA by 3D-printed buttons or preci-
sion cuts [11, 12, 20], or applied directly to the maxillary
anterior teeth by bonded buttons [12]. Different intrusion
modes will cause different effects, which is significantly
important for achieving precise and safe tooth move-
ment in clinical practice. However, relevant studies are
limited and there is a lack of reliable references in clinical
practice.

Arturo et al. [6]. compared the effects of two intru-
sion modes in fixed orthodontic treatment in clinical
practice and found that mini-implants between the cen-
tral incisors were more advantageous for increasing the
labiolingual angulation of the maxillary incisors, while
mini-implants between the lateral incisor and canine
were more advantageous for the correction of maxillary
anterior teeth intrusion and overbite. Liu et al. [12]. sim-
ulated maxillary anterior teeth retraction in clear aligner
treatment with and without anterior mini-implant using
three-dimensional finite element analysis. The mini-
implant was designed between maxillary central incisors
and the loading sites were designed on the labial side of
the maxillary incisors or the lingual side of the CA. This
study found that anterior mini-implant can effectively
achieve incisor intrusion and palatal root torquing, and
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Fig. 4 Displacement tendencies of maxillary anterior teeth. (a) Intrusion amount of maxillary anterior teeth (um). (b) Changes in labiolingual angulation
of maxillary anterior teeth (second). (c) Changes in mesiodistal angulation of canine (second)

the linguoincisal loading is more effective than the labial
loading.

At present, the research methods in oral biomechan-
ics include clinical studies [6, 11], in vitro studies [21]
and FEA studies [12, 17]. Due to the complex structure
of human tissue, there are many factors influencing the
intrusion effects of maxillary anterior teeth, such as the

labiolingual angulation [22] and crown-root ratio [22]
of maxillary anterior teeth, alveolar bone height [17,
22], intrusive force value [6, 12] and patient compliance.
Therefore, it is challenging to control variables in clinical
studies. In vitro studies, while allowing for the control of
variables, fail to simulate the periodontal tissue and mea-
sure the tooth displacement due to the rigid connection
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Linguoincisal loading

Fig. 5 Displacement tendencies of CA under different conditions

between the tooth model and the sensors [21]. FEA stud-
ies can accurately control variables and have been proved
to be able to simulate real clinical situations, which is a
commonly used method in biomechanical research [23].
Consequently, FEA was used in the study and a patient
with normal labiolingual angulation and crown-root ratio
of maxillary anterior teeth was selected as the subject.
The intrusive force value suggested by Burstone [18] and
Cho [17] was adopted and this study further investigated
the effectiveness of different intrusion modes of maxil-
lary anterior teeth with mini-implants in clear aligner
treatment.

In FEA, the measurement methods of different schol-
ars were not the same. To measure the intrusion amount,
some scholars chose the incisal center, canine cusp and
apical center as the measuring points [12, 17]. However,
these measurements would be affected by the changes in
labiolingual and mesiodistal angulation of the anterior
teeth [3, 6, 18]. For example, an increase in labiolingual
angulation would result in greater crown intrusion and
less root intrusion. In this study, the vertical displacement
of CR points was measured, which was less affected by
these angulation changes [6, 18]. To measure the change
in labiolingual angulation, Cho et al. [17]. established a
global coordinate and measured the angle of teeth axes
on the sagittal plane before and after loading. However,
our study found that the method may be affected by the
tooth position in the dental arch. As displayed in Fig. 3,

the result measured in the global coordinate represented
the rotation angle of each tooth around the x1-axis.
While the actual change in labiolingual angulation for
each tooth was the rotation angle around the line con-
necting mesiodistal contact points, namely the x2-axis.
Due to the natural curvature of the dental arch, the dis-
tally positioned tooth exhibited a greater angle between
the x1-axis and the x2-axis, resulting in a greater differ-
ence between the two measurement results. Therefore,
this study established the local coordinates for each
tooth, and measured the angle of teeth axes on sagittal
planes separately. This method could eliminate the influ-
ence of tooth position in the dental arch, exhibiting bet-
ter accuracy.

The two null hypotheses proposed and investigated in
this study were all rejected. The first hypothesis stated
that different intrusion modes do not affect the displace-
ment tendency of the maxillary anterior teeth and CA.
While the results showed that the intrusion amount and
labiolingual angulation of the anterior teeth, the mesio-
distal angulation of the canine, as well as the displace-
ment of CA were all different under different intrusion
modes. The second hypothesis stated that different intru-
sion modes do not affect the stress of the PDLs, which
was also rejected as different intrusion modes lead to
different distribution and peak values of PDL maximum
principal stress.
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Table 3 The peak values of PDL compressive stress of each
tooth under different conditions (KPa)

Condition Central incisor Lateral incisor Canine
B11 17.1 30 0.2
B12 15.2 4.7 0.6
B13 9.5 8.0 1.1
B23 10.2 9.2 1.0
B33 9.5 8.8 0.6
L11 235 35 36
L13 8.6 9.6 13
L14 19 83 6.9
123 7.6 13.8 19
L33 52 14.6 26

As displayed in Fig. 4 (a), the intrusion amount of
maxillary anterior teeth was found to be influenced by
the mini-implant site, loading site, and loading mode.
Among these factors, the loading site had the great-
est influence. As the loading site gradually moved from
between the central incisors to between the lateral inci-
sor and canine, the intrusion amount of the central inci-
sor gradually decreased and that of the canine gradually
increased, aligning with the findings of Cho et al [17].
Additionally, the intrusion amount was affected by the
mini-implant site. For example, the intrusion amount
of the central incisor under condition B23 was greater
than that under B13 and B33. This was because the mini-
implant site, along with the loading site, determined the
force lines. As the angle between the force lines and the
tooth axes increased, there was a decrease in the intru-
sive component of the forces, leading to less intrusion
amount. At the same time, the intrusion amount was also
affected by the loading mode. Under labial loading, the
maxillary anterior teeth consistently exhibited intrusion.
Under linguoincisal loading, the canine exhibited extru-
sion when the loading sites were between the central

Page 10 of 13

incisors or between the central and lateral incisor (e.g.,
L11, L13, L23, and L33), and the central incisor exhibited
extrusion when the loading sites were between the lat-
eral incisor and canine (e.g., L14). The extrusion amount
of the canine was greater than that of the central incisor.
This phenomenon may be due to the downward displace-
ment tendency of the CA under linguoincisal loading,
resulting in the generation of extrusion forces. A greater
retention between the CA and the tooth would result in
higher extrusion forces. This study designed rectangular
retention attachments on the labial surface of the canine,
which may account for its greater extrusion amount. This
phenomenon may also be related to the material prop-
erties of CA. In this study, the elastic modulus of CA
was set 528 MPa [15, 20], which is a highly elastic mate-
rial prone to deformation. Further studies are needed to
determine whether the extrusion of the central incisor
and canine would still occur when using a CA model with
a larger elastic modulus. In clinical practice, in order to
solve the problems of excessive exposure of the maxillary
anterior teeth and gummy smile, significant intrusion of
the central incisors and lateral incisors is necessary [1].
In such situations, the loading sites could be designed
between the central and lateral incisor (e.g., the intrusion
modes under B13, B23, B33, L13, and L23). Under these
conditions, the intrusion amount of the central incisor
and lateral incisor was greater than 0.5 pum, while the
intrusion amount of the canine was less than 0.05 um.

In addition to the effects of different intrusion modes
on the intrusion amount, it is also necessary to consider
their effects on the labiolingual angulation of the maxil-
lary anterior teeth. In fixed orthodontic treatment, intru-
sive forces are applied on the brackets or archwire. So
the force lines are mostly located on the labial side of the
CRs of teeth, thereby resulting in increased labiolingual
angulation [6, 24]. However, in clear aligner treatment,

(a) Force system analysis under B23

(b) Force system analysis under L23

Fig. 7 Force system analysis under B23 and L23. The arrows indicate the concentration points of forces on the dentition. The color and length of the
arrows represent the force value. The darker the warm color and the longer the length, the greater the force value. (a) Force system analysis under B23,
in addition to the intrusive forces at the incisal edges, the labial surfaces of incisors were also subjected to compressive forces. (b) Force system analysis
under L23, the incisors were mainly subjected to intrusive forces at the incisal edges
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the aligner wraps around the outer surface of the teeth,
making it difficult to predict the aligner-teeth contact
positions after applying intrusive forces, which increases
its biomechanical complexity [13]. As displayed in Fig. 4
(b), this study found that the labiolingual angulation of
the maxillary anterior teeth increased under all the intru-
sion modes. Compared to labial loading, the labiolingual
angulation of incisors increased more under linguoincisal
loading. In order to explore the underlying reasons, the
force systems on maxillary incisors under different con-
ditions were further analyzed. Taking conditions B23 and
L23 as examples (as displayed in Fig. 7), under linguoin-
cisal loading, the incisors were mainly subjected to the
intrusive forces at the incisal edges. While under labial
loading, in addition to the intrusive forces, the labial
surfaces of incisors were also subjected to compressive
forces. This difference may be due to the different dis-
placement tendencies of CA. Under linguoincisal load-
ing, elastic bands were worn from the mini-implants to
the lingual side of CA and went beneath the incisal edges.
The lingual side of CA was displaced downward and the
labial side was displaced upward. This resulted in intru-
sive forces at the incisal edges, generating labial crown
torque. Under labial loading, elastic bands were worn
from the mini-implants to the labial side of CA directly.
Since the mini-implants were positioned lingually to the
crown of incisors in sagittal direction, the CA was dis-
placed upward and backward. The backward displace-
ment produced compressive forces on the labial surfaces
of incisors, generating lingual crown torque, which miti-
gated the increase in labiolingual angulation. These were
just preliminary findings and further clinical validation
is needed. Additionally, this study found that the labio-
lingual angulation of the central incisor increased the
most when both the mini-implant and loading sites were
located between the central incisors (i.e., the intrusion
modes under B11 and L11), which was advantageous for
the torque control in extraction cases. And the labiolin-
gual angulation of the maxillary anterior teeth exhib-
ited minimal increase when the mini-implant site was
located between the central incisors and the loading sites
were located between the lateral incisor and canine (i.e.,
the intrusion mode under L14), which was beneficial for
achieving true intrusion of the maxillary anterior teeth.
The mesiodistal angulation of the canine is crucial
for occlusal function. Some scholars found that in clear
aligner treatment, the mesiodistal angulation control of
the canines was important, ranking only second to the
labiolingual angulation control of the central incisors
[15]. Distal crown tipping of the canine would lead to the
roller-coaster effect and make the resolution of anterior
deep overbite more difficult [15]. Therefore, the change in
mesiodistal angulation of the canine was analyzed in this
study. As displayed in Fig. 4 (c), the canine crown tended
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to tip mesially under labial loading, while distally under
linguoincisal loading. Consequently, in clinical practice,
if linguoincisal loading is chosen to intrude the maxillary
anterior teeth, it is advisable to pre-design greater mesial
crown tipping or distal root tipping of the canine. And
the mesiodistal angulation of the canine should be moni-
tored regularly to prevent the roller-coaster effect.

Accurate tooth movement is crucial in orthodontic
treatment, and the safety is also of great importance.
Root resorption (RR) is a common complication and
the intrusion movement is more likely to cause RR due
to the stress concentration at the root apex [25]. In FEA,
the risk of RR can be assessed by evaluating the maxi-
mum principal stress value and distribution of the PDL
[26]. However, there is no consensus on the optimal
stress value of the PDL during tooth movement. Initially,
Schwarz et al. [27]. (1932) suggested that the optimal
stress value was 20-26 g/cm® (1.96-2.55 KPa), which
was just able to overcome the pressure of the PDL cap-
illaries. In 2007, Hohmann et al. [28]. believed that RR
would occur only when the PDL stress exceeded 4.7 KPa.
Another study proposed that the PDL stress should not
exceed the systolic heart pressure, which was approxi-
mately 16 KPa [29]. In this study, the peak values of the
PDL compressive stress under different intrusion modes
were compared with the reported maximum risk value
(16 KPa) to evaluate the risk of RR. This study found
that the stress was primarily concentrated in the cervi-
cal and apical regions of the PDLs under all conditions.
The peak values of the central incisor under B11 and L11
were greater than 16 KPa. This suggests that the intru-
sive force value should be properly reduced to prevent
RR when positioning the mini-implant and loading sites
between the central incisors. Although relatively lower
peak values were observed under other conditions, X-ray
should still be taken regularly to monitor the occurrence
of RR. In addition, for the central incisor under L14 and
the canine under B11, B12, B13, B23, B33, L13 and L23,
the peak values of PDL compressive stress were lower
than the minimum capillary pressure (1.96 KPa), indicat-
ing that movement of these teeth may not actually occur
[27].

In clear aligner treatment, when the anterior teeth
are intruded with the aligner, the posterior teeth will be
extruded as anchorages [14, 30]. In order to improve the
intrusion efficiency and prevent the CA from off-track-
ing, it is necessary to design retention attachments on
the posterior teeth [14, 30]. This study found that, when
mini-implant anchorage was used, there still existed
off-tracking tendencies of the CA at the posterior teeth,
which should be paid attention to in clinical practice and
more retention attachments should be designed if neces-
sary. In addition, when designing linguoincisal loading, it
is important to consider the off-tracking tendency of the
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lingual side of CA. This can result in reduced wrapping
of CA, thereby affecting the efficiency of designed tooth
movement.

However, there are several limitations in this study.
Firstly, the study only analyzed the effect on the anterior
teeth, while the effect on the posterior teeth remained to
be evaluated. Secondly, the FEA results can only show
the initial effect and cannot reflect the long-term peri-
odontal remodeling. Finally, the intraoral environment,
masticatory forces, and deformation of CA in the process
of wearing and removing may affect the results. So, fur-
ther clinical studies are needed for validation.

Conclusions
Under the experimental conditions of this study, the fol-
lowing conclusions can be drawn:

1. The intrusion amount, labiolingual and mesiodistal
angulations of the maxillary anterior teeth were
affected by the mini-implant site, loading site and
loading mode.

2. All the maxillary anterior teeth would be intruded
under labial loading, while extrusion of the central
incisor and canine occurred under linguoincisal
loading.

3. The labiolingual angulation of maxillary incisors
would increase under all the intrusion modes, with
greater increases under linguoincisal loading.

4. The canine crown would tip mesially under labial
loading, while distally under linguoincisal loading.
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