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Biomechanical analysis of maxillary first molar intrusion using 3D
printed personalized device combined with clear aligner: a finite
element study and clinical application

Qin Xue'? . Mei Hu'? - Minglu Xu'? - Xuyang Zhang'? - Huagiao Wang>* - Mimi Sun® - Chunjuan Wang'3* . Yao He'**

Received: 22 January 2025 / Accepted: 4 April 2025
© The Author(s) 2025

Abstract

Objectives The aim of this study is to compare the biomechanical effects of maxillary first molar intrusion using the fixed
appliance, microimplant, and clear aligner with or without 3D printed personalized device, and to demonstrate the effect of
this device through a relevant clinical case.

Methods A clinical patient with an overerupted maxillary molar was selected to construct a patient-oriented three-dimen-
sional model of the four intrusion patterns. The initial displacement of the teeth and the stress distribution of the PDL were
compared. The 3D printed personalized device was used in this case, and the data of the case was collected to assess the
therapeutic effect.

Results The side effects of target tooth tilt and adjacent tooth displacement were obvious in fixed appliance and clear aligner,
while the side effects were smaller in 3D printed personalized device, and the intrusion efficiency is slightly higher than that
of microimplant. In clinical practice of 3D printed personalized device, a favorable intrusion effect was achieved.
Conclusions The 3D printed personalized device had relatively high intrusion efficiency and stress relaxation on the target
tooth and reduced the displacement and stress concentration on the anchorage teeth to a certain extent.

Clinical relevance In clinical practice, clear aligner with 3D printed personalized device has a good therapeutic effect on
molar intrusion.
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Introduction

The prevalence of opposing tooth overeruption after poste-
rior tooth loss due to dental caries, periodontal disease, and
tooth defect ranges from 70 to 85% [1]. If the molar is miss-
ing for a long time without restoration treatment, it often
causes the opposing molar to overerupt, which reduces the
height of crown and causes restoration difficulties [2]. Orth-
odontic treatment in the opposing dentition can restore the
edentulous space by changing the position of the teeth while
reducing the sacrifice of tooth structure as much as possible
[3]-

At present, the commonly used methods to achieve molar
intrusion include fixed appliance, microimplant, and clear
aligner. In fixed appliance treatment, brackets and archwires
are often used to achieve the intrusion of the target tooth by
fabricating intrusion loops. However, the complex intraoral
devices are difficult to clean, and the clinical operation is
time-consuming. Microimplants were placed in the buccal
and lingual side of the target tooth, and the intrusion force
was achieved by the latex elastic passed on the two micro-
implants [4]. The advantages of microimplant are simple,
comfortable, and precise intrusion force [5]. The disadvan-
tage is that the operation is invasive, and there may be risks
of implant loosening, fracture, and damage to the root of
adjacent teeth [6]. Clear aligner treatment generates elas-
tic force by the displacement between the clear aligner and
the teeth, which acts on the teeth to move. The advantages
are relatively invisible and aesthetic, and conducive to oral
hygiene [7]. However, the efficiency of clear aligners var-
ies greatly in different tooth movement modes [8, 9]. In the
absence of occlusal contact, the effect of intrusion on over-
erupted molars was also reduced. With the development of
digital three-dimensional (3D) printed technology, person-
alized printed devices have been widely used in anchorage
control, assisting tooth movement and supporting orthodon-
tic treatment processes [10—13]. The 3D printed personal-
ized device combined with clear aligner may play a role in
the intrusion of the overerupted teeth. However, its biome-
chanical effects are still unclear, and its clinical application
methods and effects need to be explored.

Due to the limitations of in vivo studies to evalu-
ate mechanical effects, finite element analysis (FEA) has
become a common method to evaluate orthodontic bio-
mechanics [14-16]. Three-dimensional FEA is an efficient
computer simulation technology, and its basic method is
to divide subjects into finite elements for calculating and
analyzing [17]. FEA has the advantages of high calculation
accuracy, high efficiency, low cost, and suitable for all kinds
of complex shapes which now has been widely used to cal-
culate various engineering mechanical problems [18]. FEA
study can simulate clinical scenarios and has been widely
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used as a routine method for orthodontic mechanical analy-
sis [19].

In this study, 3D models of fixed appliance, microimplant,
clear aligner, and 3D printed personalized device combined
with clear aligner were established based on a clinical case
to analyze the 3D displacement and stress distribution of the
periodontal ligament (PDL) of the target tooth and anchor-
age teeth. The application of the auxiliary device in this case
was shown which provided a mechanical basis and clinical
application for the use of 3D printed personalized device
combined with clear aligner in the intrusion of overerupted
molars.

Materials and methods
Data collection and model construction

A healthy patient (male, 18 years old) from the Depart-
ment of Orthodontics, Affiliated Stomatological Hospital of
Chongging Medical University with an overerupted maxil-
lary first molar and normal anatomic morphology of teeth
was selected. The left maxillary first molar was defined as
the intruded target tooth in this study. The dentition and
maxillary bone of the patient were scanned by Cone Beam
Computed Tomography (Kavo, Biberach, Germany) to
obtain DICOM (Digital Imaging and Communications in
Medicine) data (120 kVp; 5 mA; 0.4-mm voxel size).

The DICOM data obtained by CBCT scanning was
imported into the Mimics system (version 17.0; Materialize,
Belgium). A preliminary 3D model of the maxilla and denti-
tion was segmented by adjusting the threshold range accord-
ing to the image gray value and exported in STL file format.
The STL files were imported into the reverse engineering
software Geomagic Studio (version 2015; Geomagic, USA)
to smooth the surface of the preliminary model through
relaxation commands. Cortical bone, cancellous bone,
and PDL were obtained through offset and Boolean com-
mands and then were auto-surfaced to generate a NURBS
curved parametric Computer - Aided Design (CAD) model
(Fig. 1a). The uniform thickness of cortical bone and PDL
was defined as 2.0 mm and 0.2 mm, respectively [20].

Four models were constructed and grouped as fol-
lows: Model A (fixed appliance), Model B (microimplant),
Model C (clear aligner), and Model D (3D printed per-
sonalized device) (Fig. 1b). The 3D geometric models of
brackets and archwire, microimplants, and 3D printed per-
sonalized device were generated by SolidWorks software
(version 2016; Dassault, France). A rectangular archwire
(0.018%0.025 inch) was used to make two “T” loops at the
mesial and distal side of the first molar to intrude it [21,
22]. To make the clear aligner in Model C, the first molar
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Fig. 1 3D geometric model design and grouping (a) Anatomic geo-
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Fig. 2 The process of manufacturing the 3D printed personalized device combined with the clear aligner in clinical practice

was intruded by 0.25 mm to get a new dentition, and then
the crown surface of the dentition was cut along the gingi-
val margin in the Geomagic software. The surface was uni-
formly offset outward by 0.7 mm [23] to generate a clear
aligner. The clear aligner was then matched to the old denti-
tion where the original first molar was not intruded, so that
the intrusion amount of 0.25 mm [24] of the first molar was
generated. The 3D printed personalized device was com-
posed of the buccal and lingual bases that were fitted to the
tooth surface. The second premolar and second molar were
in contact with the bases, while the first molar was not in
contact with them. Instead, four traction hooks were pro-
truding toward the gingival direction on the buccal and lin-
gual side for latex elastic traction (Fig. 2b). A clear aligner
was created to wrap the auxiliary device and dentition, and
an “X” shaped groove was created on the occlusal surface
of the clear aligner to facilitate the application of the latex
elastic on the target tooth (Fig. 2c¢).

Properties and contact conditions

The models were assembled and imported into ABAQUS
software (version 6.14; SIMULIA, France). Each subject
was assumed to be a continuous homogeneous, isotropic
linear elastic material [25]. The material properties of the
components were shown in Table 1 [26, 27]. The modified
10-node tetrahedral element (C3D10M) was used to mesh
the 3D model, and the approximate numbers of nodes and
elements were shown in Table 1.

The top surface of the maxilla was completely con-
strained and no rotation or displacement in any direction
occurred. Bonded connections were defined as the contact
relationships between cortical and cancellous bone, maxilla
and PDL, teeth and PDL, brackets and teeth, brackets and
archwire, microimplants and maxilla, and 3D printed per-
sonalized device between teeth and clear aligner of model
D. The contact relationship between the external surface of
the crown and the inner surface of the clear aligner of model

@ Springer
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Table 1 Material properties and number of nodes and elements of the components of the finite element model
Component Young’s modulus (MPa) Poisson’s ratio Nodes Elements
Teeth 18,600 0.31 16,727-41,193 8913-22,424
PDL 0.68 0.48 23,742-71,950 11,922-36,913
Cortical bone 13,700 0.3 313,977-314,936 166,376-167,216
Cancellous bone 1370 0.3 151,732-153,377 81,633-83,063
Clear aligner 816.31 0.3 137,450-166,256 75,590-84,334
microimplant 112,000 0.33 67,570-69,682 44,972-46,322
3D printed device 235,000 0.33 26,535-60,181 15,957-37,749
Archwire 200,000 0.3 10,740 5014
Bracket 210,000 0.3 4624-9495 2623-5770

C was defined as nonlinear face-to-face contact, and the
coulomb friction coefficient was 0.2 [28]. A traction load of
0.2 N was applied on Model A, model B and model D [29].

The nonlinear iterative calculation of 3D model was car-
ried out in the ABAQUS software, the calculative results
were converged and the visualization results were output.
The initial displacement of the maxillary teeth and the Von
Mises stress distribution of the PDL were analyzed.

Clinical application: manufacture of 3D printed
personalized device combined with clear aligner

A pair of split springs were placed on the mesial and distal
side of the first molar to obtain a gap to avoid obstruction dur-
ing the intrusion. We designed the 3D printed personalized
device based on the digital model formed by the intraoral
scan of the dentition (Fig. 2a). And then the digital model
was sent to denture manufacturing company (Chongqing
Jingmei Denture Company) to get the 3D printed person-
alized device. The auxiliary device was consisted of buc-
cal and lingual bases. The external surfaces were designed
as grid plates to increase the contact stability between
3D printed personalized device and the clear aligner. The
internal surfaces in contact with teeth were designed to be
smooth, so that the patients could easily wear and remove
the appliance (Fig. 2b). After 3D printed personalized
device was printed with cobalt-chromium (Co-Cr) alloy, it
was temporarily bonded to the plaster model, and the clear
aligner was made by thermoplastic forming method to wrap
the auxiliary device and dentition. Most part of the auxiliary
device was wrapped by the clear aligner except the bottom
part of hooks of the aligner. The bottom part is cut out to
allow elastics to transmit force directly between the hooks
(Fig. 2¢). The clear aligner was precisely cut to form the
“X” shaped traction groove for the target tooth intrusion.
The latex elastics (1/4, 20z, with a force about 30 g) were
attached to the buccal and lingual traction hooks on 3D
printed personalized device (Fig. 2d). The clear aligner and
3D printed personalized device could be removed for clean-
ing. After patients brush their teeth every night, the latex
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elastics should be replaced with new ones, and they were
instructed to wear the clear aligner for at least 20 h a day.

Results
Comparison of initial displacements of target tooth

As shown in Fig. 3, among the four models, the compre-
hensive displacement trend of the target tooth in Model
A, Model C, and Model D was similar, showing that the
crown was mesially and buccally tipped, and the root was
distally and lingually intruded, but the root of Model A was
intruded lingually. In Model B, the crown of the target tooth
showed distal and lingual tipping, and the root was buccally
intruded. Among the four models, the clear aligner model
had the maximum comprehensive displacement of the tar-
get tooth (55.98 um), while the other three models showed
little difference — the fixed appliance model (3.514 pm), 3D
printed personalized device model (1.326 um), and micro-
implant model (0.9976 um). In the three-dimensional vector
directions, the displacement in the buccolingual dimension
of 3D printed personalized device model (7.429E-04 mm)
was smaller than that of the fixed appliance model (3.078E-
03 mm). The displacement in the mesiodistal dimension
of 3D printed personalized device model (4.732E-04 mm)
was smaller than that of the fixed appliance model (8.257E-
04 mm). The displacement in the vertical dimension
(1.134E-03 mm) was also smaller than that of the fixed
appliance (2.226E-03 mm) (Fig. 4).

Comparison of von mises stresses distribution in the
PDL of target teeth

As shown in Fig. 5, in Model A, the stress in the PDL of
the target tooth was concentrated on the distobuccal and lin-
gual cervical margins. In Model B, the stress in the PDL of
the target tooth was concentrated on the lingual and distal
cervical margins and the root furcation area. In Model C,
the stress in the PDL of the target tooth was mainly distrib-
uted in the mesial cervical margin. In Model D, the stress
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Fig. 4 (a) The displacement pattern on target tooth in three dimen-
sions including buccal-lingual direction, mesial-distal direction and
vertical dimension. (“M” represents mesial direction, “D” represents
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distal direction, “L” represents lingual direction, “B” represents buccal
direction). (b) The maximum displacement of the target tooth in three

@ Springer



259 Page 6 of 12

Clinical Oral Investigations (2025) 29:259

(a) €

buccal view

P

lingual view

mesial view

Unit: MPa

Model A
Fixed Appliance

Model B
Microimplant

Model C
Clear Aligner

Model D
3D Printed Per-
sonalized Device

(b)

distal view

Left first molar
300 -
200 -
100

Mnlln

Von Mises (kPa)

o
w0 o
1 1

Fig.5 (a) The Von Mises stress distribution in the PDL of target tooth. (“M” represents mesial direction, “D” represents distal direction, “L” rep-
resents lingual direction, “B” represents buccal direction). (b) Stress value for average Von Mises in the PDL of target tooth

in the PDL was concentrated on the distobuccal and mesial
cervical margins. Among the four models, the clear aligner
model had the largest PDL stress (273.7 kPa), while the
other three groups showed little difference — fixed appliance
model (15.65 kPa), microimplant model (11.75 kPa), and
3D printed personalized device model (9.376 kPa).

Comparison of the maximum comprehensive
displacements of anchorage teeth

As shown in Fig. 6, the displacement tendencies of anchor-
age teeth in the four models were different. In Model A, the
second premolar was buccally rotated, while the second
molar was mesially and buccally rotated. In Model B, the
second premolar was buccally tipped and the second molar
was distally and lingually tipped. In Model C, the second
premolar was lingually and distally extruded, and the sec-
ond molar was lingually rotated. In Model D, the second
premolar was lingually extruded, and the second molar was
lingually and distally extruded. The maximum comprehen-
sive displacement of the second premolar was observed in
the clear aligner model (53.63 pm), followed by the fixed
appliance model (0.7025 pm), 3D printed personalized
device model (0.6551 pum), and the smallest in the micro-
implant model (0.01344 pm). The maximum comprehen-
sive displacement of the second molar was observed in the
clear aligner model (18.36 um), followed by 3D printed
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personalized device model (0.6211 pum), the fixed appliance
model (0.5605 pm), and the smallest in the microimplant
anchorage model (0.01167 pum).

Comparison of von mises stresses in the PDL of the
anchorage teeth

As shown in Fig. 7, the stress distribution of second pre-
molar in the four models showed little difference, and the
major stress was concentrated on the apical area. In Model
A, the stress in the PDL of the second molar was mainly
concentrated on the mesial cervical margin. In Model B, the
stress of the second molar was mainly concentrated on the
distal cervical margin. In Model C and D, the stress of the
second molar was mainly concentrated on the distobuccal
cervical margin. The maximum stress value of second pre-
molar was the clear aligner model (265.8 kPa), followed by
3D printed personalized device model (5.025 kPa), the fixed
appliance model (2.261 kPa), and the microimplant model
(0.04217 kPa). The maximum stress value of the second
molar was the clear aligner model (81.64 kPa), followed
by 3D printed personalized device model (3.496 kPa), the
fixed appliance model (3.032 kPa), and the minimum in the
microimplant model (0.07945 kPa).
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Fig. 6 (a) The displacement tendencies of second premolar in four
models. (b) The displacement tendencies of second molar in four mod-
els. (“M” represents mesial direction, “D” represents distal direction,

Clinical application results

We applied 3D printed personalized device to the clinical
case selected in this study (Fig. 8). After two months of
treatment, the left first molar was successfully intruded, and
the height of the marginal ridges of the adjacent teeth were
the same as that of the marginal ridges of the first molar.
The 3D overlap figure before and after treatment showed
that the intrusion of the target tooth was about 1.5 mm, and
a favorable treatment effect was obtained. Oral hygiene was
well maintained after removing the appliance, and no dental
caries or periodontitis occurred. The patient was satisfied
with the treatment effect, including short time of treatment,
simple treatment process and no discomfort with the appli-
ance. A fixed retainer was made at the buccal and lingual
surface of the second premolar, the first molar, and the sec-
ond molar for retention.

Discussion

This study aims to compare the biomechanical effect and
intrusion effect of fixed appliance, microimplant, clear
aligner, and 3D printed personalized device combined with
clear aligner in the intrusion of the overerupted maxillary
first molar. The results of the displacement tendency and the

D D9
lingual view ggi Bl

Left second premolar

buccal view mesial view

Displacement (pm)
= =l =2
wn ) =

~~
(=N
N

Displacement (pm)
L ~4
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“L” represents lingual direction, “B” represents buccal direction). (c)
The maximum displacement of second premolar. (d) The maximum
displacement of second molar

stress distribution in the PDL of the target tooth were differ-
ent. The 3D printed personalized device model reflected its
efficient intrusion on the target tooth and smaller stress con-
centration. For the anchorage teeth, the microimplant model
showed advantages over the other three models.

In fixed appliance treatment, the intrusion loops of the
archwire were created to generate the force for tooth move-
ment, which not only has a vertical intrusion force but also
has a buccal tipping effect when the overerupted molar is
intruded [30]. The results of our study are consistent with
this trend. Compared with the fixed appliance, the verti-
cal displacement of the target tooth of 3D printed person-
alized device model was 50.94% (1.134E-03/2.226E-03)
of the fixed appliance model. However, the buccal tip-
ping effect was reduced by 75.86% [(3.078E-03-7.429E-
04)/3.078E-03], and the mesial tipping effect was reduced
by 42.7% [(8.257E-04-4.732E-04)/8.257E-04] compared
with fixed appliance. For anchorage teeth, the second pre-
molar and second molar of 3D printed personalized device
model had smaller tipping displacement in the buccolingual
and mesiodistal dimensions than those of the fixed appli-
ance model, and there was little difference in the vertical
displacement between the two models (Supplementary
Fig. 1, 2). In terms of Von Mises stress of PDL, the stress
of the target tooth of 3D printed personalized device model
was lower than that of the fixed appliance model, but the
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Fig.7 (a) The Von Mises stress distribution in the PDL of second pre-
molar in four models. (b) The Von Mises stress distribution in the PDL
of second molar in four models. (“M” represents mesial direction, “D”
represents distal direction, “L” represents lingual direction, “B” repre-

proportion of PDL stress of the anchorage teeth (31.42%)
was higher than that of the fixed appliance model (21.66%)
(Table 2). Compared with fixed appliance, 3D printed per-
sonalized device can achieve the intrusion effect of the
target tooth while effectively reducing the adverse tipping
effect of the target tooth and anchorage tecth. However,
large stress concentration should be avoided in the design
of anchorage teeth.

The microimplant model had the minimum intru-
sion value on the target tooth, which was about 75.23%
(0.9976/1.326) of 3D printed personalized device model,
while the stress on the PDL of the target tooth was about
1.25 (11.75/9.376) times of 3D printed personalized device
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model. However, compared with the other three models, the
displacement and the stress distribution of PDL of adjacent
teeth in the microimplant model were the minimum, which
was almost negligible. This was the obvious advantage
of the microimplant model compared with other methods
[31]. Compared with the microimplant model, the use of
3D printed personalized device can obtain a better intrusion
effect and less stress concentration effect of the target tooth,
but it will produce a small amount of unfavorable displace-
ment and stress distribution of adjacent teeth.

The displacement and Von Mises stress of the PDL
of other teeth in fixed appliance model, microimplant
model and 3D printed personalized device model were
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(a) (b)

Fig. 8 The treatment results of the clinical case. (a) The intraoral pic-
ture of overerupted first molar before treatment. (b) Use of a pair of
split springs to obtain gaps before intrusion. (¢) The 3D printed per-
sonalized device combined with clear aligner was wore on the denti-
tion and latex elastic was used to load force. (d) The first molar was
successfully intruded and a fixed retainer was made at the buccal and

similar (Supplementary Fig. 3, 4), and all showed a gradu-
ally decreasing trend from the adjacent teeth to the distal
dentition, while the trend of the clear aligner model was dif-
ferent. A large displacement and significant PDL stress were
observed at the left central incisor, the right lateral incisor,
the left first premolar, and the left lateral incisor in the clear
aligner model which showed obvious force on the anterior
teeth (Table 2). Because the teeth were not aligned in our
study, the rotation of the incisors may lead to greater dis-
placement tendency due to the stress concentration effect.
Besides, the anterior teeth were mostly single root, and the
alveolar bone was thin there. However, this phenomenon
did not occur in Model D because of the different force
application methods that it used auxiliary device to provide
force application instead of clear aligner. The use of 3D
printed personalized device is beneficial to reduce the stress
concentration on the anterior teeth, thereby reducing the risk
of root and alveolar bone resorption, which is similar to the
results of Jia’s study [32].

The intrusion of the target tooth, anchorage teeth and the
stress of PDL in the clear aligner model were significantly
greater than those of the other three groups. One reason may
be that a small force of 20 g was applied on the fixed appli-
ance model, microimplant model, and 3D printed personal-
ized device model. The displacement and stress values of
the PDL were small under this light force. In the process
of tooth intrusion, the force was often concentrated on the
apical region, and the intrusion was often more likely to
cause root resorption than other types of tooth movement.
Akl et al. and Al-Falahi et al. also found that root resorp-
tion occurred in the process of posterior tooth intrusion [33,
34]. Force between 10 and 20 g is often recommended for

()

(g)

(d)

lingual surface of the second premolar, the first molar, and the second
molar for retention. (e) Intraoral scan of the overerupted first molar
before treatment. (f) Intraoral scan of the overerupted first molar after
treatment. (g) The 3D overlap figure before and after treatment of the
intrusion effect

teeth intrusion [29]. Since the intrusion of a single molar
does not require much force, we did not design retention
attachments. However, in the case of multiple molars or
large displacement of intrusion, designing retention attach-
ments on adjacent teeth or bonding 3D printed device to the
tooth surface may be necessary. Whether this force is the
best for various intruding methods needs further experimen-
tal investigation. The second reason was that clear aligner
was made of elastic materials, which were prone to defor-
mation due to insufficient stiffness [35, 36]. In the clear
aligner group, the target tooth was designed with 0.25 mm
displacement interference intrusion. Stress relaxation tests
of clear aligner show the maximum initial stress when the
load is first applied, with stress reducing by more than 50%
within 24 h [37]. It is unclear how much intrusion displace-
ment and stress can be produced by this method, which
needs to be verified by further research. Compared with the
other three groups, provided with continuous light force, the
actual intrusion effect still needs to be confirmed by more
complete clinical research.

For clinical application, this patient lost his left mandibular
first molar and the opposing tooth was overerupted. The patient
refused comprehensive orthodontic treatment. Thus, the intru-
sion of the overerupted tooth was a preparation for prosthetic
treatment and did not contain the movement of the rest of the
dentition. Based on the patient’s willingness not to accept inva-
sive operation and bad oral hygiene, we applied 3D printed
personalized device combined with clear aligner to clinical
practice (Fig. 8). During the whole process of orthodontic treat-
ment, we only used one single clear aligner as a container of the
3D printed personalized device. The 3D printed personalized
device and the dentition were wrapped by the clear aligner,
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Table 2 Von mises stress (kPa) on PDL of all teeth and corresponding percentages in different intrusion models used

Model

A

16 15 14 13 12 11 21 22 23 24 25 26 27 TOTAL

17

0.2755 0.7499 1.93 2.261 15.65 3.032 2.44E+01
3.07%

1.13%

0.199
0.81%

8.55E-02 0.1298

0.35%

3.69E-02 2.06E-02 2.10E-02 0.0502

0.15%

1.63E-07
0.00%

64.03% 12.41%
11.75

9.25%

7.90%

0.53%

0.09% 0.21%

0.08%

1.19E+01

7.95E-02
0.67%
81.64

1.41E-02 4.22E-02

0.12%
130.1

9.59E-04 4.99E-03

0.01%
52.03

1.84E-03
0.02%

131

3.62E-04 6.69E-04 9.69E-04 6.45E-04

1.82E-04
0.00%
16.97
1.22%
0.2282
0.84%

8.32E-05
0.00%
47.2

1.79E-05
0.00%
4.179
0.30%

B

98.77%
273.7

0.35%
265.8

0.04%
36.07
2.60%

0.01%
53.45

3.85%
0.6237
2.30%

0.01%
105.3

0.01%

121

0.00%
69.91

1388.349

C

5.88%
3.496

19.71%
9.376

19.15%
5.025

9.37%
4.078

3.75%
0.8329
3.07%

9.44%
0.5965
2.20%

7.58%
0.3861
1.42%

8.72%
0.4276
1.58%

5.04%
0.2169
0.80%

3.40%

2.71E+01

1.663
6.13%

5.99E-02 0.1138

0.22%

D

18.53% 34.57%  12.89%

15.03%

0.42%

which was beneficial for retention and force transmission. In
addition, the auxiliary device is not bonded to tooth surface and
could be removed for cleaning, which is beneficial to maintain
good oral hygiene. And for patients with prosthetic crowns that
are not suitable for appliance bonded to tooth surface, this 3D
printed personalized device combined with clear aligner could
provide a treatment possibility. However, for cases where
excessive tooth overeruption leads to a very narrow gap, this
method may not be as effective as clear aligners or microim-
plants. The integration of 3D printed clear aligners and metal
auxiliary devices may solve this issue in the future. Attention
should be paid to strengthening the anchorage control of adja-
cent teeth to reduce the adverse effects for further optimization.

The finite element analysis has certain limitations which
only describe the initial effect of tooth displacement and stress
of PDL under the intruding force, and cannot simulate the
displacement trend under long-term orthodontic treatment,
such as in clinical practice. Besides, the property of PDL was
assumed to be a linear elastic material in our study, that has
some distinction from its non-linear behavior in vivo. How-
ever, study shows that there is no significant difference in
mechanical response of PDL between linear and non-linear
model when the tooth displacement is small [38]. Moreover,
the occlusal forces were not incorporated into the analysis. The
occlusal force could partially counteract this extrusion force
on the anchorage teeth and the dislodging forces on the clear
aligner. In addition, although personalized devices have shown
an exact effect in clinical application, the actual comparison
among the four models has not been carried out. Whether it is
the best method of force application needs to be verified by a
certain amount of clinical cases and related researches.

Conclusion

All four patterns could achieve molar intrusion. The 3D printed
personalized device had relatively higher intrusion efficiency
and lower stress distribution on the target tooth, and reduced
the displacement and stress concentration of the anchorage
teeth to a certain extent. In clinical practice, 3D printed person-
alized device has achieved good therapeutic results.
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