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Finite element analysis of the effect of
power arm locations on tooth movement
in extraction space closure with
miniscrew anchorage in customized
lingual orthodontic treatment
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Introduction: More patients are choosing customized orthodontic appliances because of their excellent
esthetics. It is essential that clinicians understand the biomechanics of the tooth movement tendency in custom-
ized lingual orthodontics. This study aimed to evaluate the tooth movement tendency during space closure in
maxillary anterior teeth with the use of miniscrew anchorage in customized lingual orthodontics with various
power arm locations. Methods: Three-dimensional finite element models of the maxilla were created with
miniscrews and power arms; the positions were varied to change the force directions. A retraction force
(1.5 N) was applied from the top of the miniscrews to the selected points on the power arm, and the initial dis-
placements of the reference nodes of themaxillary teeth were analyzed.Results:After applying force in different
directions, power arms located at the distal side of the canines led to larger initial lingual crown tipping and
occlusal crown extrusion of the maxillary incisors compared with power arms located at the midpoint between
the lateral incisors and canines, and caused a decreasing trend of the intercanine width. Conclusions: In
customized lingual orthodontic treatment, power arms located at the distal side of the canines are unfavorable
for anterior teeth torque control and intercanine width control. Power arms located at the midpoint between the
lateral incisors and canines can get better torque control, but still cannot achieve excepted torque without extra
torque control methods, no matter whether its force application point is higher than, lower than, or equal to the
level of the top of the miniscrews. (Am J Orthod Dentofacial Orthop 2019;156:210-9)
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In the early 1970s, the first-generation lingual ortho-
dontic appliance was developed by Kurz,1 and the
lingual mushroom-shaped archwire was put forward

by Fujita.2 In the early 1980s, lingual orthodontics was
welcomed by many patients owing to its excellent aes-
thetics. However, because of the limitations of the appli-
ance and the shortcomings of the lingual orthodontic
technique, lingual orthodontics stagnated in the late
1980s. In 2001, Wiechmann pioneered the first custom-
ized lingual orthodontic system using computer-aided
design/computer-aided manufacturing technology.3 A
customized lingual orthodontic system can effectively
overcome the disadvantages of poor bracket positioning,
inaccurate bracket rebonding, imprecise wire shaping,
and difficult teeth adjustment of the traditional lingual
orthodontic system, thus promoting the revival of
lingual orthodontics. In clinical practice, the 6 anterior
teeth can be retracted as a unit in lingual orthodontic
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Table I. Slot size of the customized lingual brackets
(mm)

Measure
Anterior
teeth Premolar

First
molar

Second
molar

Mesiodistal distance 2.40 2.40 4.00 3.50
Labiolingual distance 0.46 0.80 0.80 0.50
Occlusogingival distance 0.80 0.64 0.64 0.80
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treatment, so the anchorage control is one of the keys
to successful treatment. Using miniscrews to retract
maxillary anterior teeth in customized lingual orthodon-
tic treatment can effectively provide additional skeletal
anchorage and achieve maximal en masse retraction of
the anterior teeth.4 However, different directions of
the retraction force will cause different movement pat-
terns of the anterior teeth during extraction space
closure, which may be helpful or unfavorable to achieve
the treatment goals. Therefore, it is essential to under-
stand the biomechanical mechanisms of the movement
tendencies of the maxillary anterior teeth during retrac-
tion with the use of miniscrews in customized lingual
orthodontics.

Three-dimensional (3D) finite element analysis, an
effective computer simulation technique, is widely
used to simulate orthodontic force application and
predict the biomechanical behavior of teeth.5-7 In
the present study, 3D finite element models
including teeth, periodontal ligament, alveolar bone,
and customized lingual orthodontic system were
established. The purpose of this study was to analyze
the movement tendencies of the teeth when the power
arms are located at different positions, and the force
application points on the power arm at different
heights, thereby providing valuable information
for clinical application of the customized lingual
orthodontic technique.
MATERIAL AND METHODS

One healthy adult orthodontic patient was selected as
the subject of this study. The selection criteria were as
follows: permanent dentition, bilateral maxillary first
premolar extraction, completed alignment and leveling,
normal tooth morphology and symmetric arch, without
dental caries, periodontal disease, or tooth loss, and
without previous orthodontic treatment. Cone-beam
computed tomography (CBCT) was used to obtain the
patient's maxillary scanning image, and the scan slice
thickness was 0.15 mm. The study was approved by
the ethics committee of the First Affiliated Hospital of
Jinan University (number 2018026). The CBCT image
was stored in the standard digital imaging and commu-
nications in medicine (DICOM) format and then im-
ported into Mimics 14.11 software (Materialise) to
obtain the complete 3D geometric surface model of
maxilla and maxillary dentition. The soft tissues were
removed by threshold segmentation with the use of
this software. Threshold segmentation, based on gray
value, can separate different tissues with different gray
values from the CBCT image easily. The obtained model
was imported into reverse computer-aided design
American Journal of Orthodontics and Dentofacial Orthoped
software (Geomagic Studio 13; Raindrop) to be trans-
formed into a surface model. After smoothing, a smooth
surface model of maxilla and maxillary dentition was
obtained. To form a periodontal ligament structure
with a uniform thickness of 0.2 mm, the whole dentition
was expanded outward 0.2 mm evenly.4,8-10

A 0.018 3 0.025-inch lingual appliance, archwires,
power arms and miniscrews were drawn by Pro/Engineer
Wildfire 5.0 software (PTC). The appliance was a fully
customized bracket with an anterior vertical slot and
posterior horizontal slot. The bracket base and the
lingual tooth surface fit completely. The bracket sizes
are given in Table I, and the solid models of the brackets
are shown in Figure 1. The archwire is a 0.0173 0.025-
inch mushroom-shaped ribbon stainless steel wire. The
power arm, which was located at the midpoint between
the lateral incisors and the canines or the distal side of
the canines, extended toward the gingiva and then along
the palate mucosa (Figs 2, B and 3, B). The distance be-
tween the palate mucosa and the power arm was
�0.5 mm. The miniscrew, which was located between
the first molar and the second molar, was constructed
with the following parameters (Ormco VectorTAS ortho-
dontic implant): total length of the miniscrew, 10.7 mm;
length of the part that implanted in the bone, 8 mm;
vertical distance between the top of the miniscrew and
the archwire plane, 8 mm.

The constructed maxilla, maxillary dentition, peri-
odontal ligament, customized lingual brackets, archwire,
power arms, and miniscrews were imported into Ansys
Workbench 15.0 software to generate 3D finite element
model. Automated mesh generators with manual con-
trols were used. The archwire was regular in shape, so
it was meshed with the use of tetrahedral elements.
The tooth, bracket, miniscrew, and periodontal ligament
were meshed with the use of hexahedral elements. As a
mesh is made finer and the element count increases,
the computation time also increases. The alveolar bone
was meshed with the use of tetrahedral elements to opti-
mize the computation time. The meshing convergence
of the finite element models were tested before the an-
alyses. A total of 2 models were established according to
varied locations of the power arms: (A) power arms
located at the midpoint between the lateral incisors
ics August 2019 � Vol 156 � Issue 2



Fig 1. Customized lingual brackets models. A, Anterior tooth bracket; B, premolar bracket; C, first
molar bracket; D, second molar lingual tube.
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and the canines and the miniscrews located between the
first molar and the second molar, of which the vertical
distance from the archwire plane was 8 mm (Fig 2); (B)
power arms located at the distal side of the canines
and the miniscrews located between the first molar
and the second molar, of which the vertical distance
from the archwire plane was 8 mm (Fig 3). Model A
comprised a total of 308,134 elements, which was the
approximate number in model B as well.

There are 8 homogeneous and isotropic linear elastic
materials, including cortical bone, cancellous bone,
tooth, periodontal ligament, bracket, archwire, power
arm, and miniscrew.11,12 The material properties given
in Table II were taken from a previous study.9

The upper part of the maxilla was set as the boundary
region in which the elements were limited to move, so
that the maxilla remained absolutely fixed when the
force was loaded. After force loading, there was a sliding
relationship between the brackets and the archwire
without vertical separation, but there was no relative
sliding between the teeth and the maxilla and between
the brackets and the teeth. Points with vertical distances
from the archwire plane of 6 mm, 8 mm, and 10 mm on
the power arms in models A and B were selected as the
force application points. A retraction force of 1.5 N
was applied from the top of the miniscrews to the
selected points on the power arm. The initial sagittal,
transverse, and vertical displacement of the reference
nodes of the maxillary teeth caused by the retraction
force were measured according to the visualization re-
sults of the 3D initial teeth movements (Fig 4).
August 2019 � Vol 156 � Issue 2 American
RESULTS

When the power arms were located at the midpoint
between the lateral incisors and canines with the mini-
screws located between the first molar and the
second molar, after applying 1.5 N retraction force the
maxillary central incisors showed tendencies of lingual
crown tipping and labial root tipping, and these ten-
dencies decreased as the vertical distance between force
application points on the power arm and the archwire
plane increased from 6 mm to 10 mm. The maxillary ca-
nines showed tendencies of lingual crown tipping and
labial root tipping, and these tendencies increased as
the vertical distance between the force application
points on the power arm and the archwire plane
increased (Table III).

When the power arms were located at the distal side
of the canines with the miniscrews located between the
first molar and the second molar, after applying 1.5 N
retraction force the maxillary central incisors and ca-
nines showed tendencies of lingual crown tipping and
labial root tipping, and these tendencies increased as
the vertical distance between the force application
points on the power arm and the archwire plane
increased. Compared with power arms located at the
midpoint between the lateral incisors and canines, the
maxillary central incisors showed much more tendency
of lingual crown tipping and labial root tipping when
the power arms were located at the distal side of the
canines (Table III).

When the power arms were located at the
midpoint between the lateral incisors and canines with
Journal of Orthodontics and Dentofacial Orthopedics



Fig 2. 3D finite element method model of the maxilla with power arms located at the midpoint between
the lateral incisors and the canines, and miniscrews located between the first molar and the
second molar, with vertical distance from the archwire plane of 8 mm. The upper part of the maxilla
was set to be fixed. A, Occlusal view. Points at vertical distances from the archwire plane of 6 mm,
8 mm, and 10 mm on the power arms were selected as the force application points. A retraction force
(1.5 N) was applied from the top of the miniscrews to the selected points on the power arm.B, Posterior
view. The power arm extended toward the gingiva and then along the palate mucosa. The distance be-
tween the palate mucosa and the power arm was�0.5 mm. The load vector (F) was from the top of the
miniscrew to the selected point on the power arm.
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Fig 3. 3D finite element method model of the maxilla with power arms located at the distal side of the
canines, and miniscrews located between the first molar and the second molar, with vertical distance
from the archwire plane of 8 mm. The upper part of the maxilla was set to be fixed. A, Occlusal view.
Points at vertical distances from the archwire plane of 6mm, 8mm, and 10mmon the power arms were
selected as the force application points. A retraction force (1.5 N) was applied from the top of the mini-
screws to the selected points on the power arm respectively. B, Posterior view. The power arm
extended toward the gingiva and then along the palate mucosa. The distance between the palate mu-
cosa and the power arm was �0.5 mm. The load vector (F) was from the top of the miniscrew to the
selected point on the power arm.

214 Feng et al

August 2019 � Vol 156 � Issue 2 American Journal of Orthodontics and Dentofacial Orthopedics



Table II. Material properties

Material
Young

modulus (GPa)
Poisson
ratio

Cortical bone 13.4 0.30
Cancellous bone 7.8 0.30
Tooth 20.3 0.30
Periodontal ligament 0.05 0.49
Brackets, wire, power arm 205.9 0.30
Miniscrew 103 0.33
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the miniscrews located between the first molar and the
second molar, after applying 1.5 N retraction force the
maxillary central incisors showed a decreasing occlusal
crown extrusion trend and increasing apical root intru-
sion trend, and the canines showed an increasing apical
root intrusion trend as the vertical distances of the force
application points on the power arm from the archwire
plane increased from 6 mm to 10 mm (Table IV).

When the power arms were located at the distal side
of the canines and the miniscrews were located between
the first molar and the second molar, after applying
1.5 N retraction force the maxillary central incisors and
canines showed an increasing occlusal crown extrusion
trend as the vertical distances of the force application
points on the power arm from the archwire plane
increased (Table IV).

When the power arms were located at the midpoint
between the lateral incisors and canines with the mini-
screws located between the first molar and the
second molar, after applying 1.5 N retraction force the
width of bilateral maxillary canines, second premolars,
first molars, and second molars showed increasing
trends that were increased as the vertical distance
between the force application points on the power
arm and the archwire plane increased from 6 mm to
10 mm (Table V).

When the power arms were located at the distal side
of the canines and the miniscrews were located between
the first molar and the second molar, the width of bilat-
eral second premolars, first molars, and second molars
showed increasing trends that were increased as the
vertical distance between the force application points
on the power arm and the archwire plane increased,
whereas the intercanine width showed a decreasing
trend under different force directions (Table V).

DISCUSSION

In theory, the anchorage value in lingual orthodon-
tics is greater than in labial orthodontics, because the
force acting on the anterior teeth passes through the
lingual side of the center of resistance of the anterior
teeth in lingual orthodontics and produces a lingual
American Journal of Orthodontics and Dentofacial Orthoped
crown torque to the anterior teeth and a distal upright-
ing force on the posterior teeth throughout the retrac-
tion process, which increases the anchorage value of
the molars.13,14 However, Lawson15 suggested that there
was no difference of anchorage requirement between
lingual and labial orthodontics in clinical practice. The
anchorage control is the key to successful labial and
lingual orthodontics, and the loss of anchorage will
lead to poor treatment results. Many clinical practices
have shown that miniscrew anchorage in lingual ortho-
dontic treatment can attain effective anchorage control
and achieve good treatment results.16 In the retraction
system composed of the miniscrews and the lingual
power arms, different lengths and different positions
of the miniscrews and the power arms will lead to
different teeth and dentition movement patterns.17

When implanting the miniscrew, there is a risk of
root proximity.18 Improper placement of miniscrew
would cause irreversible damage to the root. If the dis-
tance of the miniscrew site from the root surface is too
small, the miniscrew would touch the root when the
teeth moved during orthodontic treatment.19 In clinical
practice, the palatal miniscrew is usually implanted at
the greater interradicular space between the posterior
teeth, which reduces the risk of root injury during the
implantation of the miniscrews. Poggio et al20 found
that on the palatal side, both the mesiodistal and
buccolingual interradicular spaces between the first
molar and second molar measured at 5 mm from the
alveolar crest were largest, so the safest sites for implant-
ing miniscrews were the interradicular spaces between
the first molar and second molar, 5 mm from the alveolar
crest on the palatal side. In the present study, the ten-
dencies of teeth movement after applying retraction
force were analyzed when the force application points
on the power arm were lower than, higher than, or equal
to the height of the miniscrews. In the finite element
models of this study, the vertical distance of the minis-
crew from the archwire plane is 8 mm. In this position,
the vertical distance of the miniscrew located between
the first molar and the second molar from the alveolar
crest was 5.04 mm, which conformed to the principle
of safety in clinical treatment.

In lingual orthodontics, because the lingual archwires
have mushroom-shaped curves at the distal side of the
canines, the 6 anterior teeth should be en masse
retracted in the phase of space closure, instead of mov-
ing the canines to the right place first, followed by
retracting the 4 incisors.21 In addition, the space be-
tween the lateral incisor and canine should be avoided
because of the high esthetic requirement of patients
with lingual orthodontic treatment.22 In tooth extrac-
tion cases of lingual orthodontics, the loss of torque
ics August 2019 � Vol 156 � Issue 2



Table III. Sagittal initial displacements of selected nodes of the maxillary teeth under the application of 1.5 N retrac-
tion force (unit 5 310�8 m)

Power arm Maxillary central incisor Maxillary canine

Position
Vertical distance
to archwire plane Crown Root Crown-root Crown Root Crown-root

Midpoint between lateral
incisor and canine

6 mm 3.44 �1.02 4.46 �10.89 0.96 �11.85

8 mm 2.37 0.02 2.35 �26.38 3.07 �29.45
10 mm 1.17 1.10 0.07 �41.50 5.09 �46.59

Distal to canine 6 mm 4.13 �1.47 5.60 10.15 �1.28 11.43
8 mm 4.78 �1.65 6.43 16.08 �2.22 18.30
10 mm 5.68 �1.91 7.59 22.60 �3.25 25.85

Selected nodes: the midpoint of the facial axis of the clinical crown and the root apex. Values indicate the average initial displacements of selected
nodes of the left and right maxillary teeth with the same name. 1 values indicate lingual displacements; � values indicate labial displacements.

Fig 4. Example screenshot of the visualization results of the 3D initial teeth movements. The color
scale shows the data distributions of the initial movements of the teeth under the retraction force, where
each color corresponds to a range of values (unit 5 310�8 m). These visualization results were pro-
vided by the finite element analysis software. The initial sagittal, transverse, and vertical displacement
values of the reference nodes of the maxillary teeth caused by the retraction force could be measured
by the finite element analysis software.
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control is likely to occur during the anterior teeth
retraction phase, resulting in the vertical bowing effect
including excessive lingual inclination of the maxillary
incisors.15,17 Liang et al7 showed that the movement
type of the maxillary incisor was crown lingual tipping
in lingual orthodontics and was bodily translation in
labial orthodontics under the same load in a 3D finite
element analysis. In the present study, when the power
arms were located at the distal side of the canines and
August 2019 � Vol 156 � Issue 2 American
the miniscrews were located between the first molar
and the second molar, after applying 1.5 N retraction
force the incisors showed lingual crown tipping and
labial root tipping tendencies whether the vertical dis-
tance between the force application points on the power
arm and the archwire plane was 6 mm, 8 mm, or 10 mm.
The lingual crown tipping and labial root tipping ten-
dencies of the incisors with the power arms located at
the distal side of the canines were much more than
Journal of Orthodontics and Dentofacial Orthopedics



Table V. Transverse initial displacements of selected nodes maxillary teeth under the application of 1.5 N retraction
force (unit 5 310�8 m)

Power arm

Maxillary
canine

Maxillary second
premolar

Maxillary first
molar

Maxillary second
molarPosition

Vertical distance
to archwire plane

Midpoint between lateral
incisor and canine

6 mm 12.61 0.10 0.11 0.27

8 mm 26.68 0.92 0.44 0.32
10 mm 40.25 1.8 0.78 0.35

Distal to canine 6 mm �5.99 8.45 3.21 0.95
8 mm �10.48 15.12 5.64 1.03
10 mm �15.35 22.69 8.40 1.12

Selected nodes: the cusp of the maxillary canine, the central fossa of the maxillary second premolar, first molar, and second molar. Values indicate
the average initial displacements of selected nodes of the left and right maxillary teeth with the same name.1 values indicate displacements away
from the median palatine suture; � values indicate displacements toward the median palatine suture.

Table IV. Vertical initial displacements of the maxillary teeth under the application of 1.5 N retraction force
(unit 5 310�8 m)

Power arm

Maxillary central incisor Maxillary caninePosition Vertical distance to archwire plane
Midpoint between lateral
incisor and canine

6 mm 1.84 �4.16

8 mm 0.36 �11.29
10 mm �1.32 �18.01

Distal to canine 6 mm 2.64 2.05
8 mm 3.01 4.14
10 mm 3.51 6.40

Selected nodes: the midpoint of the facial axis of the clinical crown of the maxillary central incisor and canine. Values indicate the average initial
displacements of selected nodes of the left and right maxillary teeth with the same name.1 values indicate occlusal displacements; � values indi-
cate apical displacements.
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with the power arms located at the midpoint between
the lateral incisors and canines. When the power
arms were located at the midpoint between the lateral
incisors and canines, with the miniscrews located be-
tween the first molar and the second molar, after
applying 1.5 N retraction force the tendencies of lingual
crown tipping and labial root tipping of the maxillary
central incisors decreased as the vertical distance be-
tween force application points on the power arm and
the archwire plane increased from 6 mm to 8 mm and
then to 10 mm. The tendencies of labial crown tipping
and lingual root tipping of the maxillary canines
increased as the vertical distance between force
application points on the power arm and the archwire
plane increased. Therefore, it is necessary to preset the
torque specifically when designing the brackets slots
and bending the archwires to achieve effective torque
control during the orthodontic treatment.

Stamm et al23 found that 10� of changes of the
anterior teeth torque will lead to 1.2 mm of changes in
American Journal of Orthodontics and Dentofacial Orthoped
vertical distance, which has a significant effect on the
esthetics in anterior teeth. In the present study, When
the power arms were located at the midpoint between
the lateral incisors and canines, with the miniscrews
located between the first molar and the second molar,
after applying 1.5N retraction force the maxillary central
incisors showed a decreasing occlusal crown extrusion
trend and increasing apical root intrusion trend, and
the maxillary canines showed an increasing apical root
intrusion trend as the vertical distances of the force
application points on the power arm from the archwire
plane increased; these were consistent with the sagittal
trends. The changes of the anterior teeth torque led to
changes in vertical distance, and this was also the case
when the power arms were located at the distal side of
the canines. Thus, good anterior teeth torque control
is beneficial to the vertical control of the anterior teeth,
which is conducive to the esthetics.

Before the advent of the miniscrew, headgear was
used to increase the anchorage in lingual orthodontics.
ics August 2019 � Vol 156 � Issue 2
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When using headgear, the maxillary first molars are
subjected to distal rotation force throughout the
retraction process, so the width between the bilateral
maxillary second premolars is easy to be widened
and the width between the bilateral maxillary
second molars is easy to narrow; this phenomenon is
called transverse bowing effect. However, there is no
such problem in lingual orthodontics with miniscrew
anchorage. In the present study, the width between
the bilateral maxillary second molars showed no narrow-
ing trend, no matter if the power arms were located at
the midpoint between the lateral incisors and canines
or at the distal side of the canines, and no matter if
the force application points on the power arms were
lower than, higher than, or equal to the level of the force
application points of the miniscrews. However, when the
power arms were located at the distal side of the canines,
the intercanine width showed a decreasing trend, which
again indicated that the power arms located at the distal
side of the canines were unfavorable for tooth move-
ment control.

There are some limitations in this study. The finite
element analysis was conducted in vitro, which cannot
simulate factors such as play and torsion of the archwire
within the slot. However, studies aiming at clinically
indicating the tooth movement tendency in vivo are
not feasible. Computer-based numeric simulation is
the best option to apply biomechanical forces and pre-
dict the trend of tooth movement at the moment. This
study reflects the trend of tooth movement under
different directions of the retraction force, providing
some references for clinical treatment planning. Future
studies should focus on clinical assessment to verify
the results of the finite element analysis. Moreover,
further studies using the finite element method
considering not only initial but also continuous tooth
displacement would help to solve complex biomechan-
ical problems in orthodontics.
CONCLUSIONS

In customized lingual orthodontic treatment with
miniscrew anchorage, compared with power arms
located at the midpoint between the lateral incisors
and canines, power arms located at the distal side of
the canines will lead to larger initial lingual crown
tipping, labial crown tipping, and occlusal crown extru-
sion of the maxillary anterior teeth in the sagittal and
vertical planes, and a decreasing trend of the intercanine
width in the transverse plane. Therefore, power arms
located at the distal side of the canines are unfavorable
for torque control and intercanine width control in
customized lingual orthodontic treatment. Using power
August 2019 � Vol 156 � Issue 2 American
arms located at the midpoint between the lateral
incisors and canines can get better anterior teeth torque
control than using power arms located at the distal side
of the canines, but still cannot achieve acceptable torque
of maxillary anterior teeth without extra torque control
methods, no matter whether its force application point
is higher than, lower than, or equal to the level of the
top of the miniscrews.
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