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Objective: To investigate the three-dimensional forces created by clear aligners
on mandibular teeth during differential activation with en-masse retraction
and/or intrusion in vitro . Methods: Six sets of clear aligners were designed for
differential en-masse retraction and/or intrusion procedures in a first premolar
extraction model. Group A0 was a control group with no activation. Groups
A1–5 underwent different degrees of retractions and/or intrusions. Each group
consisted of 10 aligners. Aligner forces were measured on a multi-axis force/
torque transducer measurement system in real-time. Results: In the en-masse
retraction groups (A1 and A2), lingual and extrusive forces were observed on
the incisors; the canines mainly received distal forces; intrusive forces were seen
on the second premolars; and the molars received mesial forces. In the enmasse retraction and intrusion groups (A3, A4, and A5), incisors also received
lingual and extrusive forces; canines received distal and intrusive forces; mesial
and extrusive forces were seen on the second premolars; and the second molars
received distal and intrusive forces. The vertical forces on the incisors did not
differ significantly among groups A1, A3, and A5. However, the vertical forces
on the second premolars reversed from intrusion in group A1 to extrusion in
groups A3 and A5. Conclusions: With clear aligners, the “bowing effect” is
seen during en-masse anterior teeth retraction and can be partially relieved
by performing en-masse retraction accompanied by anterior teeth intrusion.
Vertical control of incisors remained unsolved during en-masse retraction, even
when intrusive activation was added to the anterior teeth.
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INTRODUCTION
Clear aligner therapy (CAT) has been attracting increasing interest over the past two decades due to its
improved aesthetics, comfort, and maintenance of oral
hygiene. Early treatment indications for CAT include
mild to moderate crowding or diastema, non-skeletal
narrow arches, and mild relapse after fixed appliance
therapy.1 With advances in materials and the use of
creative adjuncts, the range of treatable malocclusions
has expanded to include anterior-posterior, vertical, and
transverse corrections.2-6
At present, increasing numbers of dentists are using
the clear aligner in extraction cases, and some of them
have reported satisfactory results in the literature.7-11
However, vertical control remains a problem in extraction cases treated by CAT. Clinicians have struggled with
the “bowing effect” seen in orthodontic treatment by
fixed appliances. This effect is especially relevant with
lingual orthodontics that specifically involve extrusion
of incisors and intrusion of second premolars.12 Bowman
et al.7 found that control of intrusion with clear aligners was poor and that the mesial aspects of molars tend
to intrude while the crowns tip forward. Baldwin et al.9
also observed excessive tipping movement adjacent to
extraction sites in 24 patients who underwent extraction
of at least one premolar. However, the underlying biomechanics of the “bowing effect” seen in CAT have not
been investigated.
Innovations in micro-sensor technology have made it
possible to measure orthodontic forces in vitro in real
time.13-18 Hahn et al.13,14 constructed a measuring device
with a separated maxillary central incisor fixed on the
sensor. The results showed that the forces produced by
thick appliances were generally higher than those produced by thin materials. Kohda et al.15 studied the correlation between orthodontic forces produced by thermoplastic appliances and the material, thickness, and
amount of activation. They found that thicker materials
and smaller activations generally deliver high forces. Simon et al.16 measured the three-dimensional (3D) forces
and moments generated by a series of aligners using a
measurement system with two force/moment (F/M) sensors. They found that the attachments had a significant
impact on force transfer. Li et al.17 investigated the force
changes on upper central incisors using aligners with
different lingual activations (0.2, 0.3, 0.4, 0.5, and 0.6
mm) by using a micro-stress sensor system. Their results
suggested that the activation should not exceed 0.5 mm
without consideration of the periodontal ligament to
maintain the greatest efficiency. Liu and Hu18 studied
vertical forces associated with different intrusion strategies in non-extraction deep-bite cases using this system.
However, none of the studies to date have investigated
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the biomechanics of extraction cases.
In this study, clear aligners that underwent different
anterior teeth en-masse retraction and/or intrusion activations were investigated, and the corresponding 3D
forces were measured in real time to determine the force
changes, especially vertical force changes. The aim of
this study was to identify a strategy to prevent or relieve
the “bowing effect” from occurring in first premolar extraction treatment with clear aligners.

MATERIALS AND METHODS
Study protocol
Sixty removable thermoplastic aligners were divided
into six groups based on movement strategies for lower
anterior teeth. Each group included 10 aligners. Group
A0 was set as the control group and did not undergo
any activation, and the other five sets of clear aligners
were designated as experimental groups with different
degrees of anterior teeth en-masse activations for retraction and/or intrusion. Transverse rectangular attachments were bonded onto the second premolars, the first
molars, and the second molars. More details of the force
activations performed in each group are presented in
Table 1.
Aligner fabrication and test apparatus construction
OrthoDS software ver. 5.3 (Wuxi Angel Align Biotechnology Co., Ltd., Wuxi, China) was used to design aligners with 0.25-mm and 0.50-mm activations for retraction and/or intrusion of the mandibular anterior teeth
on a digitized mandibular standard extraction model.
The corresponding photosensitive resin models were
printed by a 3D printer (Objet30 Pro; Stratasys Ltd.,
Rehovot, Israel) according to the digital models. Six sets
of corresponding thermoplastic aligners were fabricated
Table 1. Study protocol
Group

Amount of
retraction (mm)

Amount of
intrusion (mm)

A0

0

0

A1

0.25

0

A2

0.5

0

A3

0.25

0.25

A4

0.5

0.5

A5

0.25

0.5

Group A0, control group with no activation; Group A1,
underwent 0.25-mm retraction; Group A2, underwent 0.50mm retraction; Group A3, underwent 0.25-mm retraction
and 0.25-mm intrusion; Group A4, underwent 0.50-mm
retraction and 0.50-mm intrusion; Group A5, underwent
0.25-mm retraction and 0.5-mm intrusion.
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using thermoforming technology with 0.8-mm-thick
thermoplastic material (Duran; Scheu-Dental, Iserlohn,
Germany).
The test apparatus consisted of 12 multi-axis F/M
transducers (IFPSMC3/4; ATI Industrial Automation,
Apex, NC, USA) and corresponding 12 3D-printed resin
teeth (Figure 1A). The resin teeth were printed by Object30 OrthoDesk (Stratasys Ltd.) and connected separately with the multi-axis F/M transducers by hexagonal
screws.
Data collection
When each clear aligner was inserted, a computer
(Figure 1B) connected to the transducer collected and
recorded forces and moments every 1 second over a
40-second cycle. Each group contained 10 aligners, and
this process was repeated for the six separate groups.
The real-time visualization window of Angelalign Mechanical Measurement Software (Wuxi Angel Align Biotechnology Co.) was used to monitor changes in forces
and moments and record real-time values (Figure 1C).
The measured F/M values were transferred to the center of resistance of each tooth. To describe the forces
the teeth received in 3D directions, we set up separate
coordinate systems for each tooth to describe movements in all 3 spatial dimensions (Figure 1D). The yaxis ran through the center of resistance of each tooth
and parallel to the long axis of this tooth, and positive
values represented extrusive forces. The x-axis was oriented parallel to the mesiodistal direction of teeth, and
positive values represented mesial forces. The z-axis

represented the labiolingual/buccolingual direction, and
positive values represented labial/buccal forces.
Each aligner in group A0 was inserted on the F/M
measuring system to calibrate the influence of positioning errors before activated invisible aligners were
inserted. The mean forces in the 3D direction of group
A0 were obtained (Table 2). Five groups of active aligners were successively placed on the F/M measuring
system, and the 3D forces generated by the different
aligners were measured and recorded. After subtracting
the corresponding data from group A0, the average 3D
forces in the other five groups were obtained (Table 2).
Histograms were used to describe the forces to directly
observe the trend of distribution (Figures 2–5). All procedures were performed manually by a single operator
to reduce variability. The intra-examiner reliability was
good (intraclass correlation coefficient = 96.5%, 95%
confidence interval: 0.958–0.971, p < 0.001).
Statistical analysis
To compare the differences among the five groups,
all statistical analyses were performed using SPSS ver.
20.0 (IBM Co., Armonk, NY, USA). One-way analysis of
variance was used to examine the differences among
groups. The Bonferroni test was applied when homogeneity of variance assumptions was satisfied; otherwise,
the equivalent Dunnettʼs T3 test was used. Both statistical analyses were conducted at α = 0.05 level of significance (Table 2).

A

B

C

D

Figure 1. The force measurement system. A, Three-dimensional-printed resin teeth connected separately with the multiaxis force/moment transducer by hexagonal screws. B, The computer linked with the measurement system. C, The realtime visualization window of Angelalign Mechanical Measurement Software (Wuxi Angel Align Biotechnology Co., Ltd.,
Wuxi, China). D, The coordinate system for the forces and moments measured. The y-axis runs through the center of
tooth and parallel to the long axis of this tooth. The x-axis is oriented parallel to the mesiodistal direction of teeth. The
z-axis represents the labiolingual/buccolingual force.
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Table 2. Force distribution within clear aligner and comparisons of the forces in group A1–5
Tooth
Force
number direction
37

Fx¶
¶

Fy

Fz**
36

Fx

¶

35

33

46

−1.11 ± 0.14

0.64 ± 0.39

§‖
‖

2.75 ± 0.37

0.03 ± 0.26

Fy¶

0.38 ± 0.36

−0.74 ± 0.80‡§‖

Fz¶

−1.74 ± 0.26

0.20 ± 0.80‡§‖

Fx

¶

−0.16 ± 0.12

−1.19 ± 0.21

§‖

†‡§‖

A3

A4

−0.43 ± 0.71*†

‡§‖

†

−0.67 ± 1.10*

−1.80 ± 0.73*†§

0.71 ± 0.18*§

0.44 ± 0.15‡

0.49 ± 0.24

0.70 ± 0.81
0.65 ± 0.25

§

−0.74 ± 0.44*
§

2.85 ± 0.76*

1.58 ± 0.47*§

−0.27 ± 0.59

0.12 ± 0.59

0.70 ± 2.12

1.38 ± 0.60*

−0.96 ± 0.33

−0.78 ± 0.30
§‖

−1.11 ± 0.57
1.78 ± 0.58*

1.50 ± 0.58*†‡

−0.93 ± 0.63‡§‖

0.82 ± 0.47*†

0.88 ± 1.13*†

1.61 ± 0.57*†

−0.40 ± 0.45§‖

−0.82 ± 0.31*§

−1.63 ± 0.48*†‡

−1.13 ± 0.41*†

‡§‖

†‡

†§

−2.20 ± 0.17*

−0.63 ± 0.09*

−0.80 ± 0.11*§‖

Fz

−0.34 ± 0.23

§‖

Fx¶

0.14 ± 0.05

−0.51 ± 0.13†‡§‖

Fy¶

0.01 ± 0.07

0.15 ± 0.18§‖

0.08 ± 0.13

0.03 ± 0.17

¶

−0.84 ± 0.12

0.05 ± 0.25†‡§

−0.33 ± 0.19*§

−0.27 ± 0.15*§

−0.25 ± 0.10

−0.15 ± 0.05

0.14 ± 0.09

0.18 ± 0.27†§‖

¶

−0.72 ± 0.13

−0.40 ± 0.30

†§‖

Fx¶

1.12 ± 0.10

¶

0.23 ± 0.10
−1.26 ± 0.13

−0.14 ± 0.12

0.31 ± 0.46

−0.96 ± 0.09*‡§‖

0.74 ± 0.20*‡
‡§

§‖

−0.62 ± 0.13*†§

−2.39 ± 0.38*†‡

−2.05 ± 0.34*†‡

†‡

−0.72 ± 0.04*†‡‖

−0.26 ± 0.08*†§

−0.08 ± 0.09*

−0.03 ± 0.11*

−0.67 ± 0.21*†‡‖

−0.18 ± 0.15§

−0.17 ± 0.09

−0.15 ± 0.16

0.31 ± 0.29†

0.55 ± 0.27*

†§‖

†‡‖

−1.53 ± 0.33*

−0.75 ± 0.18

−2.55 ± 0.28*

−0.03 ± 0.11§

−0.04 ± 0.09§

0.07 ± 0.07

0.14 ± 0.08*†

−0.04 ± 0.27

0.03 ± 0.28

0.11 ± 0.29

−0.46 ± 0.34†§‖

−1.30 ± 0.46*§
‡§‖

2.11 ± 0.47 *†‡

−0.23 ± 0.08*†§

−0.14 ± 0.27

−0.86 ± 0.14§‖
†§

0.58 ± 0.22*
−1.23 ± 0.22*‡§
0.08 ± 0.10
0.18 ± 0.20

−2.36 ± 0.30*†‡‖

−0.59 ± 0.06*

−0.23 ± 0.08

−0.42 ± 0.06

−0.20 ± 0.06*†§

−0.38 ± 0.15

−0.37 ± 0.09*‡

Fy**

0.04 ± 0.03

−0.23 ± 0.05†‖

−0.40 ± 0.14*

−0.24 ± 0.05‖

Fz**

0.93 ± 0.19

−0.03 ± 0.19 †‡§‖

−0.28 ± 0.10*§‖

−0.34 ± 0.12 *§‖

‡‖

†§

†‡§‖

Fx**

1.58 ± 0.16

−1.42 ± 0.13

Fy¶

0.25 ± 0.15

−0.02 ± 0.37†‡§‖
0.11 ± 0.34

‡§‖
‡§‖

†‡‖

−1.12 ± 0.14*‡§

†‖

−0.34 ± 0.09

−1.08 ± 0.19 *†‡‖

−0.83 ± 0.29*

−2.20 ± 0.15*

−0.88 ± 0.24*†§

−0.94 ± 0.19*§‖

−1.21 ± 0.23*§‖

−3.18 ± 0.30*†‡‖

−2.59 ± 0.40*†‡§

‡§‖

0.49 ± 0.36

§‖

†§‖

1.07 ± 0.37*

†‡

2.11 ± 0.35

†‡

1.89 ± 0.46*

0.20 ± 0.45

1.06 ± 0.82*

2.32 ± 0.39*

1.84 ± 0.38*†

−0.86 ± 0.53‡§‖

−1.12 ± 0.62‡§‖

0.73 ± 0.95*†

1.13 ± 0.41*†‖

1.81 ± 0.46*†§

‡§‖

‡§‖

0.85 ± 0.41

−0.18 ± 0.51

Fy**

0.36 ± 0.41

Fz**

−0.18 ± 0.13

0.08 ± 0.23

Fx**

−1.55 ± 0.43

0.63 ± 0.53†§

1.75 ± 0.52*‡‖

Fy**

−2.02 ± 0.47

0.07 ± 0.64

0.64 ± 0.43

1.71 ± 0.21

−0.46 ± 0.28

−0.44 ± 0.22

−0.21 ± 0.78

0.86 ± 0.93‖

Fy**

1.43 ± 0.44

0.48 ± 0.56

‖

Fz**

−1.58 ± 0.18

0.06 ± 0.13‖

−0.04 ± 0.29

1.32 ± 0.36‖
§‖

§

‡‖

−0.62 ± 0.09 *†‡§

−2.39 ± 0.16*

Fx**

Fx**

−1.79 ± 0.11*
1.68 ± 0.40*

0.81 ± 0.12

¶

†‡‖

0.87 ± 0.26 *

Fx**

−0.10 ± 0.31

−1.11 ± 0.25

0.62 ± 0.34

0.47 ± 0.53

§‖

−0.65 ± 0.22*§‖

−0.46 ± 0.15

−1.68 ± 0.96*†§

1.30 ± 0.39

‡§‖

Fy¶

†‖

1.21 ± 0.56

0.40 ± 0.14†‡§‖

Fx¶

−0.13 ± 0.92†‖

†‡§

−0.30 ± 0.17

−0.24 ± 0.72

A5

1.82 ± 0.54‡§‖

¶

Fz
47

0.34 ± 0.17‡

−0.63 ± 0.48

Fz**
45

−0.94 ± 0.12

1.77 ± 0.12

Fz**

43

0.58 ± 0.98

−0.33 ± 1.71

Fy
42

1.37 ± 0.27

−2.43 ± 0.24

Fx

Fz
41

‡§‖

¶

Fz
31

A2

1.00 ± 1.58‡‖

¶

Fy**
32

0.26 ± 0.35

A1

¶

Fy
Fz

A0

†§

−0.77 ± 0.45*

0.23 ± 1.18†§

†‡‖

−1.43 ± 0.28*

−0.65 ± 0.28*†‡

1.77 ± 0.56*‡‖

0.80 ± 0.57†§

−0.17 ± 1.36

0.63 ± 0.66

0.83 ± 0.61

0.04 ± 0.50

−0.27 ± 0.23

−0.02 ± 0.40*†§

0.17 ± 0.93
‖

0.76 ± 0.73‖
†‖

−0.81 ± 0.73*†§

0.64 ± 0.34

0.08 ± 0.58

0.04 ± 0.42

−0.90 ± 0.40*†‡§

−0.04 ± 0.12‖

−0.04 ± 0.40

0.00 ± 0.15‖

−0.34 ± 0.18*†§

Values are presented as mean ± standard deviation.
Group A0 was used as the reference data, and the figures from other groups were obtained by subtracting from the A0.
FDI tooth numbering system was used.
Fx, force along the x-axis: positive values represent mesial forces; Fy, force along the y-axis: positive values represent extrusive
forces; Fz, force along the z-axis: positive values represent labial or buccal forces.
Significantly different from *group A1, †group A2, ‡group A3, §group A4, and ‖group A5 on the same tooth.
¶
Bonferroni’s test, p < 0.05.
**Dunnett’s T3, p < 0.05.
See Table 1 for definitions of each group.
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1
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31

41
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RESULTS
In group A0, forces were produced in all 3 dimensions
even when there was no designed activation (Table 2).
Only anterior teeth retraction movement was observed in
groups A1 and A2. The 3D force measurements for each
group are shown in Table 2 and Figure 2. In group A1
with 0.25-mm en-masse retraction movement, the four
incisors received mild to moderate lingual forces, while
molars received moderate mesial forces as anchorage.
The second molar received a more mesial force than the
first molar. As a consequence of their location, the canines mainly received distal forces. The vertical direction
mainly received mild to moderate forces in the lower anterior region. The canines received extrusive forces, while
incisors received small extrusive or intrusive forces. The
second premolars received moderate intrusive forces, and
the second molars received moderate extrusive forces.

36

43

44

45

46

47

Figure 2. Comparisons of the
three-dimensional forces in
groups A1 and A2. A, Forces
in the buccolingual direction.
B, Forces in the mesiodistal
direction. C, Forces in the
vertical direction.
Group A1, underwent 0.25mm retraction; Group A2, underwent 0.50-mm retraction.
*p < 0.05.

In group A2, the amount of en-masse retraction designed was 0.50 mm in the lower anterior area. In comparison with group A1, group A2 showed higher lingual
forces on the incisors, distal forces on the canines, and
mesial forces on the molars. The lingual forces on the
incisors and distal forces on the canines showed statistically significant differences between these two groups
(p < 0.05). However, there were no significant differences in the forces on the posterior teeth (p > 0.05).
In the vertical direction, the canines received moderate
intrusive forces. Most of the incisors received extrusive
forces. The second premolars experienced intrusive forces and the second molars experienced an extrusive force.
The extrusive forces on the left central incisors increased
while those on the canines were reversed to intrusive
forces with increasing amounts of en-masse retraction,
indicating that the “bowing effect” had worsened. Vertical forces on the left central incisors, right lateral incisor,

https://doi.org/10.4041/kjod.2021.51.1.32
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Buccolingual force (N)
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3
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47
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1
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-1
-2
-3
-4
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37

36

35

34

33

32

31

41
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Tooth

and bilateral canines showed statistically significant differences between the two groups (p < 0.05). However,
there were no significant differences for the posterior
teeth (p > 0.05).
Groups A3, A4, and A5 showed anterior teeth retraction and intrusion movements. In group A3 with a 0.25mm en-masse retraction and intrusion activation in the
lower anterior area, the aligners produced moderate lingual forces on the incisors and mesial forces on the second premolars and first molars (Figure 3). The aligners
also exerted mild distal forces on the left second molar,
while the canines received labial and distal forces. In the
vertical direction, the incisors received limited vertical
forces, while the canines received moderate intrusive
forces. The vertical forces on the second premolars were
extrusive forces.
In group A4, the amounts of en-masse retraction and
intrusion designed were 0.5 mm each in the lower ante-
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*
43

44

45

46

47

Figure 3. Comparisons of the
three-dimensional forces in
groups A3 and A4. A, Forces
in the buccolingual direction.
B, Forces in the mesiodistal
direction. C, Forces in the
vertical direction.
Group A3, underwent 0.25mm retraction and 0.25-mm
intrusion; Group A4, underwent 0.50-mm retraction and
0.50-mm intrusion.
*p < 0.05.

rior area (Figure 3). In comparison with group A3, group
A4 showed higher lingual forces on the incisors and mesial forces on the second premolars and first molars. The
canines received more labial and distal forces. All the
forces mentioned above showed statistically significant
differences between these two groups (p < 0.05). However, the incisors received limited vertical forces as well.
The canines received higher intrusive forces, and the
forces on canines significantly differed between groups
A3 and A4 (p < 0.05). The second premolars in both
groups received similar extrusive forces but did not show
a statistically significant difference (p > 0.05).
In group A5, aligners were designed for 0.25-mm anterior teeth retraction and 0.5-mm anterior teeth intrusion (Figure 4). In comparison with group A3, group A5
showed twice the amount of intrusion movement. The
incisors received greater lingual forces, and the second
premolars received greater mesial forces. Notably, the
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second molars received obvious distal forces, and the
canines received greater labial forces. The labiolingual
forces on the central incisors, right lateral incisor, and
bilateral canines, as well as the mesial force on the left
second premolar showed statistically significant differences between the two groups (p < 0.05). In the vertical
direction, the aligners exerted more intrusive forces on
canines and second molars and more extrusive forces
on the second premolars. However, the incisors received
limited vertical forces. Statistically significant differences
in the vertical forces of bilateral canines and the right
second molar were observed only between groups A3
and A5 (p < 0.05, Figure 5).
On comparing the differences in forces in the three
en-masse retractions and/or intrusion groups (A1, A3,
and A5, Figure 4), the lingual forces aligners exerted
on incisors and the labial forces on canines increased,
while the distal forces on canines decreased. The mesial
forces on the second premolar increased, but the forces
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47

Figure 4. Comparisons of
the three-dimensional forces
in groups A1, A3, and A5. A,
Forces in the buccolingual direction. B, Forces in the mesiodistal direction. C, Forces
in the vertical direction.
Group A1, underwent 0.25mm retraction; Group A3,
underwent 0.25-mm retraction and 0.25-mm intrusion;
Group A5, underwent 0.25mm retraction and 0.5-mm
intrusion.
*p < 0.05.

received by the second molars changed from mesial
forces in group A1 to distal forces in group A5. Notably,
the “bowing effect” seen in group A1 was partially alleviated in groups A3 and A5, especially in the posterior
area. This was because anterior teeth retraction without
intrusion was designed in group A1, while anterior teeth
retraction and intrusion were designed in groups A3
and A5. The forces on second premolars changed from
an intrusive force in group A1 to an extrusive force in
groups A3 and A5. The forces on the second molars also
changed from an extrusive force in group A1 to an intrusive force in groups A3 and A5. In addition, the vertical forces on incisors did not change significantly even
when the intrusive activation on anterior teeth in group
A5 was increased. Only the intrusive forces on the canines became greater, with the burden on the anchorage
teeth being correspondingly aggravated. This tendency
could also be seen between groups A2 and A4, in which
the amount of activation was 0.5 mm (Figure 5).
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DISCUSSION
The present study was performed to explore the distribution of 3D forces on mandibular teeth undergoing
en-masse retraction and/or intrusion in extraction treatment using clear aligners.
Compared to conventional fixed appliances, clear
thermoformed plastic aligners cover the entire dentition
as an overlay appliance during teeth movement, making
them significantly different in effectiveness and accuracy.19-21 The orthodontic performance of clear aligners in
extraction cases remains inferior to that obtained with
conventional fixed appliances.22,23 Many researchers observed the “bowing effect” when extraction spaces were
closed with aligners in clinical settings.7,9,11 This effect
was believed to result from the sagging of the plastic
around the extraction sites.9,11 Therefore, it is crucial for
orthodontists to clearly understand the biomechanics
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Figure 5. Comparisons of
three-dimensional forces in
groups A2 and A4. A, Forces
in the buccolingual direction.
B, Forces in the mesiodistal
direction. C, Forces in the
vertical direction.
Group A2, underwent 0.50mm retraction; Group A4, underwent 0.50-mm retraction
and 0.50-mm intrusion.
*p < 0.05.

underlying CAT, especially in the vertical direction.
A thorough investigation of the exact biomechanical mechanisms involved in clear aligners is challenging.
Photoelastic models24 and the finite element method25
were generally used to study the biomechanics of orthodontics. In a recent in vivo study, a pressure film was
used to measure the pressure imparted by removable
thermoplastic appliances on the surface of the upper
first premolar during the buccal tipping movement.26
In another in vivo study, strain-gauge rosettes were attached to the external surface of aligners to obtain force
values.27 Recent improvements in micro-sensor technology have made it possible to measure orthodontic forces
and moments of appliances in vitro .13,16,17,28 Nevertheless,
there is currently little research regarding the clear aligner force system. Therefore, we designed this system for
real-time in vitro measurement of orthodontic forces.
The bowing effect exists in both the mandible and
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maxilla. However, we found that this effect is more severe on the mandibular dentition during the orthodontic treatment of tooth extraction cases using aligners.
Extrusion of the lower anterior teeth and intrusion of
the lower second premolars are more visible than the
changes in the upper teeth. As a consequence, we only
investigated forces in the lower jaw. The biomechanical
characteristics of the upper dental arch will be studied in
the future and compared with those of the lower dental
arch. In our study, when exerting en-masse retraction
activation from 0.25 mm in group A1 to 0.5 mm in
group A2, apparent lingual forces and limited extrusive
forces were exerted on the incisors, while moderate distal and intrusive forces were applied on the canines. The
second premolars mainly experienced intrusive forces,
while the second molars received mesial and extrusive
forces. This was similar to the “bowing effect,” which
was in agreement with observed clinical phenomena. In
these cases, second molars would be extruded, while canines and second premolars would be intruded upon enmasse retraction with clear aligners, resulting in a deep
curve of Spee with teeth tipping movement adjacent to
extraction sites. Due to the reduction in aligner length,
incisors received lingual forces, and posterior teeth as a
whole received mesial forces. The molars were the main
anchorage teeth.
A deep curve of Spee is related to a deep overbite. Effective intrusion of the anterior teeth is generally necessary during en-masse retraction. In the current study,
intrusive activation was added in group A3 to prevent
extrusion of anterior teeth and intrusion of posterior
teeth while exerting en-masse retraction. In a comparison of groups A1 with A3, the changes in the vertical
forces that the incisors received were not statistically significant, while the lingual force increased. The canines
experienced relatively large intrusive forces but received
lighter distal forces. In this situation, the incisors were
still out of vertical control even when anterior teeth retraction was accompanied by anterior teeth intrusion. In
fixed appliance treatment, a bite opening curve, which
is often used to intrude anterior teeth, leads to labial
crown torque and increases the length of the arch.29,30 In
CAT, intrusion was parallel to the long axis of the tooth
and went through the center of resistance of the tooth.
In comparison to only en-masse retraction, the length
of the aligner was further reduced during retraction
accompanied by intrusion. As a result, lingual forces
on the incisors were greater, and the second premolars
became the main anchorage. The vertical forces on the
second premolars changed from intrusive to extrusive
forces, and moderate mesial forces were also observed.
The extrusive forces on the second molars decreased or
transformed into intrusive forces, and mesial forces decreased or transformed into distal forces. Therefore, the
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“bowing effect” that appeared in en-masse retraction
was partially relieved on the posterior teeth. This is similar to the reverse curve of Spee, which is commonly used
in the straight-wire treatment of deep-bite cases, and
this finding suggests that anterior teeth intrusion should
be added during en-masse retraction.
After doubling the amount of intrusion with en-masse
retraction in group A5, the situation on the incisors remained the same as that in group A3. There were no obvious intrusive forces on incisors; in fact, some extrusive
forces were measured. At the same time, more lingual
forces were observed on the incisors. Only the canines
received greater labial and intrusive forces, while the
second premolars received increased mesial and extrusive
forces. The second molars received intrusive and distal
forces. This suggests that there is no additional benefit
on the vertical control of anterior teeth during en-masse
retraction resulting from increased anterior teeth intrusion with clear aligner treatment.
In addition, the retraction of anterior teeth using
clear aligners is affected by the design of anterior tooth
movement, activation time, and aligner material.14,31
Different amounts of activation are recommended by
different invisible orthodontic suppliers. Li et al.17 suggested that lingual activation for upper central incisors
should not exceed 0.5 mm. In the current study, 0.8-mm
transparent thermoplastic material was used to fabricate
aligners for 0.25- and 0.5-mm activations for retractive
and/or intrusive movement of mandibular anterior teeth.
In groups A2, A4, and A5, the vertical forces produced
by 0.5-mm activation in the aligner were greater than
the optimal translational forces (0.75–1.25 N).32 Thus,
0.25-mm activation is recommended because the forces
in groups A1 and A3 did not exceed 1.42 N.
This study has several limitations. First, due to the
lack of emulation of the intra-oral environment and
periodontal ligaments, the simulated tooth movement
produced by the clear aligners cannot completely predict
results in vivo . Second, abrasion arising from mastication and changed mechanical properties was not taken
into consideration. Third, en-masse retraction and/or
intrusion of only mandibular anterior teeth were investigated.
The deep overbite caused by en-masse retraction in
extraction cases treated with CAT remains unsolved. If
anterior tooth retraction can be divided into two steps,
with the first step being distal movement of the canines
followed by retraction and intrusion of the incisors, the
“bowing effect” may be alleviated and canine movement
may be more similar to translation. Further research on
this aspect will be conducted in the future.
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CONCLUSION
In this study, the vertical force changes associated
with different en-masse retraction and/or intrusion
strategies in extraction cases treated with clear aligners
were analyzed. The following conclusions can be drawn
from this study. First, with CAT, the “bowing effect” appeared during en-masse retraction. Second, the “bowing
effect” can be partially relieved during en-masse retraction when accompanied by anterior teeth intrusion.
Third, the issue of vertical control of incisors remains
unsolved during en-masse retraction in CAT, even when
intrusive activation was added on the anterior teeth.
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