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Objective: To quantitatively analyze and compare the forces and moments generated
by thermoformed polyethylene terephthalate glycol (PETG) and direct-printed TC-
85 clear aligners (CAs), with various margin designs, during premolar rotation.
Methods: In total, 132 CAs were fabricated and divided into four groups (n = 33
per group). Group C consisted of thermoformed PETG aligners with a 2 mm gingival
margin. Group E comprised direct-printed TC-85 aligners with equi-gingival margin,
whereas Group G utilized direct-printed TC-85 aligners with 2 mm gingival margins.
Finally, Group T featured direct-printed TC-85 aligners with an additional 1 mm
thickness at the mesial embrasure. The forces and moments were measured using
a 6-axis force/moment transducer at 2°, 3°, and 4° of rotation. All measurements
were conducted at 37°C to simulate intraoral conditions. Forces were measured
in the buccolingual, anteroposterior, and vertical directions, while moments were
measured in the mesiodistal, buccolingual, and rotational planes. Results: The PETG
aligners (Group C) showed significantly increased buccal and posterior force across
the rotation angles (P < 0.05), whereas the intrusive force remained consistent. In
contrast, the TC-85 aligners maintained consistent forces across all rotation angles.
Direct-printed aligners demonstrated significantly lower intrusive forces than PETG
aligners (P < 0.001). Group T exhibited reduced unwanted forces while maintaining
effective rotational moments. Furthermore, all direct-printed aligners showed
more predictable force delivery patterns than thermoformed aligners. Conclusions:
Direct-printed TC-85 aligners demonstrated superior force consistency and reduced
unwanted side effects compared with traditional PETG aligners. Although marginal
design modifications did not significantly improve rotational efficiency, they
effectively reduced unwanted intrusive forces.
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INTRODUCTION

In the United States, approximately 2.5 million chil-
dren undergo orthodontic treatment each year, with the
use of clear aligners (CAs) increasingly popular in recent
years.' Compared with traditional orthodontic treatment
with fixed brackets and wires, CA use has been suc-
cessful in non-extraction cases with mild-to-moderate
crowding.”’

Despite improved aesthetics and convenience, orth-
odontic treatment with CAs have limited use in achiev-
ing certain tooth movements, such as rotation, extru-
sion, overjet correction, extraction space closure, and
expansion, when compared to traditional wire and
bracket s‘ys‘[ems.}6 Of these, the least accurately cor-
rected tooth movement is rotation (46%). Although op-
timized attachments are used for rotational movements
to increase accuracy, the rotation of round teeth such as
canines and premolars remains a challenge.”® In order to
achieve efficient tooth rotation with CAs, geomorpho-
metric modifications based on the biomechanics of CA
treatments are required. This can be achieved through
direct measurements of the forces and moments exerted
on the teeth by CAs.’

Finite element methods (FEM), traditionally used for
analyzing complex biomechanics, have also been used
to evaluate tooth movement associated with CAs.'>"
However, conditions within FEM simulations can differ
from those of the actual treatment, which often results
in incomplete evaluations. In particular, traditional CAs
have non-uniform thickness due to the thermoform-
ing process, which is often simplified by assuming a
uniform value in FEM analysis.'”" In addition, the po-
tential impact of the CA thickness on loading should be
considered and modeled.'* A complete understanding of
factors affecting CA evaluation in simulations is lacking.
The coefficient of friction between CAs and teeth is not
yet known, and its impact has not yet been accurately
analyzed."”

Grant et al."® introduced a device for directly measur-
ing the forces and moments generated by CAs, utilizing
a miniature force/torque sensor. This device can measure
the forces and moments of direct-printed CAs to enable
a more accurate biomechanical analysis of tooth move-
ment.

In this study, we compared the effectiveness of ther-
moplastic and direct-printed CAs at achieving rotational
movement of mandibular premolars. Three direct-printed
CA designs were fabricated and compared by adjusting
the thickness and margins at specific sites. The forces
and moments generated by different fabrication meth-
ods and CA designs were analyzed across varying de-
grees of premolar rotation.

www.e-kjo.org https://doi.org/10.4041/kjod24.114

MATERIALS AND METHODS

CA fabrication and measurement device

The mandibular model was designed by scanning
the Nissin dental model (NISSIN B3-305; Nissin Dental
Product, Kyoto, Japan) using a 3D scanner (TRIOS 4;
3Shape TR10S, Copenhagen, Denmark). Based on the
mandibular model, an apparatus was designed utiliz-
ing a Meshmixer (Autodesk, San Francisco, CA, USA) to
measure the forces and moments applied to the man-
dibular second premolars when a CA was fitted to rotate
mandibular second premolars. The second premolar was
designed to be separated from the model and connected
to a 6-axis miniature force/torque sensor (Aidin Robot-
ics, Seoul, Korea) to measure forces and moments (Figure
1). A rotational zig was installed on the lower side of
the second premolar to facilitate rotation. The planned
rotational movements were 2°, 3°, and 4°.

The thermoforming-fabricated CA comprised 0.75 mm
thick polyethylene terephthalate glycol (PETG) (Easy-
Vac; 3A MEDES, Goyang, Korea). The three-dimensional
(3D)-printed CA was printed using a dental 3D printer
(NBEE; UNI1Z, San Diego, CA, USA) and TC-85, a trans-
parent light-curable resin (Graphy Inc., Seoul, Korea). To
account for potential losses, 33 CAs were fabricated for
each experimental group.

Setup tooth movement to improve rotation and design
modification of direct-printed CA

To improve the rotation of the mandibular second
premolars using CA, a de-rotation setup was created us-

¥ Rotation zig

Figure 1. Experimental apparatus design. The second pre-
molar was separated and connected to a 6-axis miniature
force/torque sensor. A rotation zig was installed on the
lower side of the second premolar.
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ing Meshmixer software. The mandibular second premo-
lars were attached to the buccal surface using a vertical
rectangular attachment (3.5 x 1.5 x 1.0 mm). Finally,
CAs were prepared for the following groups with differ-
ent materials and margin designs for the 2-4° rotation
improvement plan, with mesial rotations of the man-
dibular second premolars in the occlusal plane (Figure 2).

1) Group C: conventional type, 2 mm gingival margin
design fabricated via thermoforming using PETG.

2) Group E: designed with a 0.5 mm thickness and
equi-gingival margin and fabricated via direct
printing using TC-85.

3) Group G: designed with a 2 mm gingival margin
and 0.5 mm thickness and fabricated via direct
printing using TC-85.

4) Group T: 0.5 mm thick, equi-gingival margin, with
an additional 1 mm thickness from the anterior
area of the attachment to the mesial embrasure. 1t
was fabricated by direct printing using TC-85.

Experimental setup and conditions

The experiments were conducted in a forced con-
vection incubator (C-INDF; Changshin Science, Seoul,
Korea) maintained at 37°C to reproduce the intraoral
environment. Direct-printed CAs were soaked in a wa-
ter bath heated to the glass-transition temperature of
69.4°C for 5 seconds, dried, and mounted in the experi-
mental model. The stabilized forces and moments were
then measured by placing the experimental apparatus
in a 37°C bath. The directions of the force and moment

on the x-, y-, and z-axes obtained from the tooth were
separated by +/- signs and matched as shown in Table 1.

Statistical analysis

All measurements were normally distributed and pre-
sented as means and standard deviations. Within each
design group, the force and moment values for the 2°,
3°, and 4° rotation angles were compared using a one-
way analysis of variance (ANOVA) followed by Tukey’s
least significant difference (LSD) post-hoc test. In addi-
tion, the forces and moments generated by the four CA
design groups at the rotation angle were compared us-
ing one-way ANOVA with Tukey’s LSD. All analyses were
performed using R software (R foundation for Statistical
Computing, Vienna, Austria) with a significance level of
P < 0.05.

Table 1. The sign convention of the force/moment
measurement system

Component Definition Sign convention
Force (x) Buccolingual (+) Buccal, (-) lingual
Force (y) Mesiodistal (+) Distal, (-) mesial
Force (z) Occlusogingival (+) Occlusal, (-) gingival
Moment (x)  Angulation (+) Mesial, (-) distal
Moment (y) Inclination (+) Buccal, (-) lingual
Moment (z)  Rotation (+) Distal, (-) mesial

Figure 2. Designs of clear aligners. A, D, Group E; B, E, Group T; C, F, Groups C and G.
Group E, equi-gingival margin; Group T, mesial thickness; Group C, control-polyethylene terephthalate glycol; Group G, 2
mm gingival margin.
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RESULTS

Comparison of forces and moments generated by
thermoforming type CA (Group C: PETG)

In Group C, as the degree of setup increased, the buc-
cal (Fx) and posterior (Fy) forces tended to increase (P <
0.05), and an intrusive force (Fz) occurred. At 2° and 3°
rotations, the mesial rotation moment (Mx) was positive,
whereas at 4°, the distal rotation moment was negative.
The buccolingual rotational moment (My) showed a
buccal moment of 2°, followed by a lingual moment, as
the angle increased (P < 0.001). When the rotation mo-
ment (Mz) of the second premolar was calculated, the
mean value increased significantly with an increasing
angle (P < 0.001) (Table 2).

Comparison of forces and moments generated by
direct-printed CA with equi-gingival margin (Group E)
In Group E, the buccolingual force (Fx) had similar

Kjo-

values at 2° and 3° angles but increased significantly
at 4°. No differences were observed between the angles
of the anteroposterior (Fy) and vertical (Fz) forces. The
anteroposterior rotation moment (Mx) was almost un-
changed at 2° at -0.08 + 1.56 N mm but increased
significantly at 3° and 4° (P < 0.001). The buccal rota-
tion moment (My) showed a tendency to rotate more
lingually as it increased from 2° to 3° but did not show
a significant difference when rotated further. The Z-
axis moment used to measure the rotational moment
was also significantly different when the angle increased
from 2° to 3° (P < 0.001) (Table 3).

Comparison of the forces and moments generated by a
direct-printed CA with the proximal thickness (Group T)

In Group T, the buccal force (Fx) had similar values
at 2° and 3° but was significantly decreased at 4° (P
< 0.001). The posterior force (Fy) change decreased
slightly between 2° and 3°, then increased at 4°. The

Table 2. Forces and moments generated by Group C (PETG) according to rotation degrees

Set-up degree (mean + standard deviation)

Group C 50 m P value (ANOVA)
Fx (cN) 18.68 + 9.06" 24.20 £ 6.77% 27.08 £ 16.95" 0.02*
Fy (cN) 14.55 + 16.45° 44.03 £10.04 76.99 + 25.03° <0.001%**
Fz (cN) -64.70 +80.27 -62.86 + 40.89 -90.62 + 126.54 0.41
Mx (N mm) 1.39 + 1.59° 1.42 +0.88" -2.48+1.87 < 0.001%**
My (N mm) 0.93 +1.09° -0.54 +1.80" -5.73 +3.16° < 0.001%**
Mz (N mm) 11.05 + 0.90° 20.99 + 1.03" 26.43 + 1.64° < 0.001***

One-way ANOVA with Tukey LSD post-hoc.

The different superscript letters mean a significant difference (P < 0.05).
PETG, polyethylene terephthalate glycol; ANOVA, analysis of variance; LSD, least significant difference; Fx, buccal force; Fy,
posterior forces; Fz, intrusive force; Mx, mesiodistal moment; My, buccolingual moment; Mz, rotational moment.

*P<0.05, ***P<0.001.

Table 3. Forces and moments generated by Group E (equi-gingival margin) according to rotation degrees

Set-up degree (mean + standard deviation)

Group E 90 " P value (ANOVA)
Fx (cN) 20.48 + 13.52° 25.56 +16.12° 47.34+18.22" < 0.001%**
Fy (cN) 15.54 + 7.06 13.90 + 13.52 15.67 + 8.38 0.75
Fz (cN) -23.51+18.07 -15.91 + 8.09 -16.75 +9.42 0.07
Mx (N mm) -0.08 + 1.56 3.63+2.80° 5.14+2.12° < 0.001***
My (N mm) -2.25 +3.23 -5.94+2.30 -4.68+1.98" < 0.001%**
Mz (N mm) 3.24+1.01° 6.54 +1.40" 7.15+1.45" < 0.001%**

One-way ANOVA with Tukey LSD post-hoc.

The different superscript letters mean a significant difference (P < 0.05).
ANOVA, analysis of variance; LSD, least significant difference; Fx, buccal force; Fy, posterior forces; Fz, intrusive force; Mx,
mesiodistal moment; My, buccolingual moment; Mz, rotational moment.

***P < 0.001.
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intrusive force (Fz) did not vary with the setup angle.
The anterior rotation moment (Mx) increased from 2°
to 3° but decreased slightly when it increased to 4° (P <
0.05). The buccolingual rotational moment (My) showed
the lingual rotational moment values at all angles. The
Z-axis (Mz) values, which determine the rotational mo-
ment of the second premolars, tended to increase with
increasing angles (Table 4).

Comparison of forces and moments generated by direct-
printed CA with a 2 mm gingival margin (Group G)

The buccolingual force (Fx) increased with the angle.
Posterior (Fy) and intrusive (Fz) forces occurred at all
angles, with no differences between them. The mesial
rotation moment (Mx) increased from 2° to 3° but did
not differ at 4°. The buccolingual rotation moment (My)
showed lingual rotation, with the lowest value at an
angle of 2°, increasing at 3°, and then decreasing at 4°.
The Z-axis (Mz) values tended to increase with increas-

ing angle (P < 0.05) (Table 5).

Comparison of the forces and moments generated by
the CA design groups within each degree of rotation
With a 2° rotation angle, there was no significant dif-
ference in the buccolingual force (Fx) among Groups C, E,
and T; however, Group G showed significantly lower val-
ues (P < 0.001). Regarding the vertical force (Fz), Group
C showed the highest intrusive force, followed by Groups
G, E, and T, in decreasing order. The anteroposterior ro-
tational moment (Mx) had a mid-range value in Group C,
with Group E having the lowest value and Groups T and
G having the highest. The buccolingual rotational mo-
ment (My) was positive in Group C, indicating a buccal
rotational moment, and negative in the other groups,
indicating a lingual rotational moment. Groups T and G
had significantly lower values than the others (P < 0.001).
The Z-axis moment (Mz) used to measure the rotational
moment was significantly higher in Group C, whereas

Table 4. Forces and moments generated by Group T (mesial thickness) according to rotation degrees

Set-up degree (mean + standard deviation)

Group T " n P value (ANOVA)
Fx (cN) 21.11 +11.06° 24.06 +13.17° 7.78 +14.02° < 0.001#**
Fy (cN) 14.75 + 9.74™ 11.84 +8.41° 18.44 +9.50" 0.03*
Fz (cN) -5.59 + 18.87 -3.17+11.48 -13.28 +42.75 0.34
Mx (N mm) 3.78 £+2.23" 5.42 +2.50° 474 +1.37" 0.01*
My (N mm) -6.21 +2.45 -4.75+2.58" -6.51 +1.38° 0.01*
Mz (N mm) 3.67+1.17° 413+1.14° 5.41+1.31° <0.001***

One-way ANOVA with Tukey LSD post-hoc.

The different superscript letters mean a significant difference (P < 0.05).
ANOVA, analysis of variance; LSD, least significant difference; Fx, buccal force; Fy, posterior forces; Fz, intrusive force; Mx,
mesiodistal moment; My, buccolingual moment; Mz, rotational moment.

*P<0.05, **P<0.001.

Table 5. Forces and moments generated by Group G (2 mm gingival margin) according to rotation degrees

Set-up degree (mean * standard deviation)

Group G 90 " P value (ANOVA)
Fx (cN) -3.53+9.64" 13.42+11.84° 21.79 +9.14° <0.001%**
Fy (cN) 17.77+16.35 10.76 + 12.08 14.08 + 17.74 0.22
Fz (cN) -32.42 +54.16 -36.54 +38.27 -33.24 +49.74 0.94
Mx (N mm) 2.90 +1.78" 5.90 + 1.60" 5.82 +2.35° < 0.001%*+
My (N mm) -5.74+1.25 -3.15+1.60 -4.25+0.80° <0.001#**
Mz (N mm) 3.79+1.34° 5.11+1.32° 6.21 +1.67° <0.001#**

One-way ANOVA with Tukey LSD post-hoc.

The different superscript letters mean a significant difference (P < 0.05).
ANOVA, analysis of variance; LSD, least significant difference; Fx, buccal force; Fy, posterior forces; Fz, intrusive force; Mx,
mesiodistal moment; My, buccolingual moment; Mz, rotational moment.

***P < 0.001.
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the remaining groups showed lower values.

With a 3° rotation angle, the buccolingual force (Fx)
was significantly lower in Group G than in the other
groups (P < 0.001). Group C showed significantly higher
values in the anteroposterior direction (Fy). The intrusive
force (Fz) was largest in Group C, followed by Groups G,
E, and T, in decreasing order. The rotational moment of
the anteroposterior direction (Mx) was higher in Groups
T and G and decreased significantly in Groups E and C.
The buccolingual rotation moment (My) showed a lin-

Kjo-

gual rotation moment in all groups; however, the high-
est value in Group C and the lowest values in Groups E
and T showed significant lingual rotation moments (P <
0.001). The Z-axis moment (Mz) values used to examine
the rotational moment of the second premolars were
significantly higher in Group C, but there was no differ-
ence between the other groups.

Finally, with a 4° rotation angle, the buccal force (Fx)
was significantly higher in Group E, whereas Groups C
and G had similar midrange values. Group T had signifi-
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Figure 3. Forces generated by four groups at each of the rotation degrees. A, Rotation degree of 2°; B, Rotation degree
of 3° C, Rotation degree of 4°. Red dot indicates the mean value, and diamond-shaped symbols () represent outliers

beyond 1.5 times the interquartile range.

Group C, control-polyethylene terephthalate glycol; Group E, equi-gingival margin; Group T, mesial thickness; Group G, 2

mm gingival margin.
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cantly lower values. The distal force (Fy) and intrusive
force (Fz) were significantly higher in Group C than in
the other groups (P < 0.001). The moment of rotation
(Mx) in the anteroposterior direction was positive in the
mesial direction without significant differences among
Groups E, T, and G. However, Group C had a signifi-
cantly negative value in the distal direction (P < 0.001).
The buccolingual rotation moment (My) showed various
values among the groups. Still, all showed lingual rota-
tion moments, with Group T showing the most signifi-

4

Mx value (N mm)
o N B
My value (N mm)

-10

cant lingual rotation moment and Group G showing the
least. The Z-axis moment (Mz) values were significantly
higher in Group C than in the other groups (P < 0.001)
(Figures 3, 4, and Table 6).

DISCUSSION

This study aimed to evaluate the effectiveness of
CA designs in achieving precise premolar rotation. De-
spite the widespread use of CAs, their ability to achieve
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Figure 4. Moments generated by four groups at each of the rotation degrees. A, Rotation degree of 2°; B, Rotation de-
gree of 3°; C, Rotation degree of 4°. Red dot indicates the mean value, and diamond-shaped symbols () represent out-

liers beyond 1.5 times the interquartile range.

Group C, control-polyethylene terephthalate glycol; Group E, equi-gingival margin; Group T, mesial thickness; Group G, 2

mm gingival margin.
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Table 6. Comparisons of the forces and moments generated by four groups at each of the rotation degrees

I Groups (mean + standard deviation) Pvalue
Group C Group E Group T Group G (ANOVA)
2° set-up degree
Fx (cN) 18.68 + 9.06 20.48 + 13.52° 21.11 + 11.06 -3.53 +9.64" < 0.001%**
Fy (cN) 14.55 + 16.45 15.54 +7.06 14.75 +9.74 17.77 £16.35 0.77
Fz (cN) -64.70 + 80.27° -23.51+18.07" -5.59 + 18.87" -32.42 +54.16™ <0.001%**
Mx (N mm) 1.39 + 1.59° -0.08 + 1.56" 3.78 +2.23° 2.90+1.78° <0.001%**
My (N mm) 0.93 +1.09" -2.25+3.23" -6.21 +2.45° -5.74 +1.25° <0.001***
Mz (N mm) 11.05 +0.90° 3.24+1.01° 3.67+1.17 3.79+1.34° < 0.001%+
3° set-up degree
Fx (cN) 24.20 + 6.77° 25.56 + 16.12° 24.06 + 13.17° 13.42 +11.84" <0.001%**
Fy (cN) 44.03 +10.04° 13.90 +13.52° 11.84 +8.41° 10.76 +12.08" <0.001%**
Fz (cN) -62.86 + 40.89" -15.91 +8.09" -3.17+11.48" -36.54 + 38.27° <0.001%**
Mx (N mm) 1.42 +0.88" 3.63+2.80° 5.42 + 2.50° 5.90 + 1.60° 0.001**
My (N mm) -0.54 +1.80° -5.94+2.30" -4.75+2.58" -3.15+ 1.60° < 0.001*+
Mz (N mm) 20.99 + 1.03" 6.54 + 1.40° 4.13+1.14° 5.11+1.32¢ <0.001%**
4° set-up degree
Fx (cN) 27.08 + 16.95° 47.34+18.22 7.78 +14.02° 21.79 +9.14° <0.001***
Fy (cN) 76.99 + 25.03° 15.67 +8.38" 18.44 +9.50° 14.08 +17.74" < 0.001%**
Fz (cN) -90.62 + 126.54 -16.75+9.42" -13.28 + 42.75" -33.24 +49.74° <0.001%**
Mx (N mm) -2.48 +1.87° 5.14+2.12° 4.74+1.37 5.82 +2.35" < 0.001*+
My (N mm) -5.73+3.16" -4.68 + 1.98% -6.51 +1.38" -4.25 +0.80° <0.001%**
Mz (N mm) 26.43 + 1.64° 7.15+ 1.45° 5.41 +1.31° 6.21 +1.67" <0.001%**

One-way ANOVA with Tukey LSD post-hoc.

The different superscript letters mean a significant difference (P < 0.05).

Group C, control-polyethylene terephthalate glycol; Group E, equi-gingival margin; Group T, mesial thickness; Group G, 2
mm gingival margin; ANOVA, analysis of variance; LSD, least significant difference; Fx, buccal force; Fy, posterior forces; Fz,
intrusive force; Mx, mesiodistal moment; My, buccolingual moment; Mz, rotational moment.

**P <0.01, **P<0.001.

complex tooth movements, such as premolar rotation,
remains limited due to differences in force application
mechanisms. Our findings confirm that aligners have
lower predictability for rotational movement compared
to fixed appliances, which consistently apply rotational
forces through a bracket-wire system with a predictable
center of rotation.'””" In contrast, aligners primarily
contact the buccal and palatal surfaces during rota-
tion,” resulting in reduced grip and unintended move-
ments along multiple axes, as observed in this study. To
address these issues, we designed the study to minimize
proximal contact (< 0.1 mm) between second premolars
during rotational movement, aiming to reduce interfer-
ence and enhance rotational accuracy, referencing the
work of Kravitz et al.”

The material properties of CAs have a significant im-
pact on orthodontic outcomes owing to their force-
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delivery characteristics. Traditional CAs have been fabri-
cated from thermoplastics, such as PETG, thermoplastic
polyurethane, and polycarbonate.”””* However, these
materials present challenges for consistent force delivery.
The fabrication process causes thickness variations rang-
ing from 57.5% to 92.6%,”** resulting in uneven force
application. Thicker areas may apply excessive force,
whereas thinner regions may not provide sufficient force
for effective tooth movement. The physical properties of
thermoplastic materials, such as surface hardness, elas-
ticity, and water absorption, also affect force applica-
tion.”” For example, the low elasticity of PETG limits its
ability to maintain consistent forces beyond 2% strain,
leading to plastic deformation and reduced force over
time. In addition, these materials struggle to grip tooth
undercuts (Figure 5), which affects force transmission
and predictability.

219



Kjo-

Kim et al @ Effective rotation by different aligner designs

Figure 5. Conventional type (PETG material) and direct-printing type (TC-85 material) clear aligners fitting in the embra-

sure area.
PETG, polyethylene terephthalate glycol.

Recently, direct-printed CAs using a biocompatible
light-curing resin (TC-85) have shown improved force
delivery."®”® The uniform thickness achieved by direct
printing ensures consistent force distribution across the
tooth. The viscoelastic and shape-memory properties of
TC-85 allow it to maintain light forces in an optimal
range, preventing force decay seen with thermoplastics.”
The material’s flexibility and geometric stability prevent
deformation at elevated temperatures. In addition, TC-
85 accurately conformed to the tooth morphology, in-
cluding undercuts, ensuring effective force transmission
and more predictable tooth movement. This results in
better orthodontic outcomes than those of traditional
thermoplastics.

Optimal force and moment are essential to achieving
ideal tooth movement, which involves direct bone re-
sorption without disturbing tissue blood flow and caus-
ing bone necrosis and is related to the application of
the appropriate light force.” Proffit et al.”” reported that
the optimal force for rotational movement is 35-60 cN,
but studies on the forces applied by CA, particularly for
rotational movement, are limited.

Elkholy et al.” reported that on the rotational move-
ment of teeth using CA, the force and moment exhib-
ited a linear relationship with the setup angles (2-4°) at
a relatively high slope, followed by a flat, irregular pla-
teau as the setup angle increased. This pattern was also
observed in the PETG-made CA (Group C) in the pres-
ent study, where the values of the rotational moment
(Mz) and distal tilting force (Fy) increased rapidly as
the derotation setup angle increased. In contrast, in the
other groups utilizing direct-printed TC-85, forces closer
to the optimal force were produced and maintained.
The aforementioned differences in material properties
and characteristics explained these results.”® Because
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of these properties, TC-85 was able to apply consistent
light forces to the teeth, and even when the set angle
was more significant than that of the PETG, it was able
to apply similar forces and moments. Therefore, TC-85
contributed to a reduction in the overall number of CA
stages.

Several suggestions have been made regarding the
degree of derotation of each CA. Ferlias et al.”* reported
that a derotation of 4.5° in the CA generated moments
higher than those required to improve rotation. They
suggested that it was reasonable not to exceed a rota-
tion angle of 1.5°.* Simon et al.” also reported that a
setup of more than 1.5° per CA significantly reduced
the efficiency of tooth movement. A FEM analysis of
stress distributed within the periodontal ligament by
Cortona et al.'” also suggested that the rotation angle
per CA should not exceed 1.2°. In addition, Elkholy et
al.” reported that the most frequent dislodgement of
attachments occurred at rotation angles between 4.9°
and 6.1°. Therefore, in the present study, the derotation
degree was set to 2°, 3°, and 4° within the range of the
dislodgement angle.

The present study measured forces and moments on
the second premolars rotated by the PETG-made CA
(Group () and directly printed TC-85 CA with a modi-
fied margin design (Groups E, G, and T). The results
showed that the force generated by the PETG CA at 2°
derotation, which was considered optimal, was signifi-
cantly greater than that proposed by Proffit et al.”* and
increased with the angle. In contrast, the direct-printed
CA groups generated less force, were closer to the opti-
mal range, and remained constant with increasing angle.
This suggests that the TC-85 direct-printed CA is effec-
tive for derotation angles ranging from 2° to 4°.

Despite the use of various attachments, significant
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intrusion forces and tipping movements have been re-
ported in the rotation of teeth using CA,'®””* which
are consistent with the results of the present study. In
particular, the intrusion force of the CA made of PETG
ranged from 62.86 to 90.62 cN, similar to the results
of Ferlias et al.,’* and exceeded the optimal force of
10-20 cN for intrusion. However, the three groups that
used direct-printed CAs exhibited lower intrusion forces.
Similarly, as the rotational angle increased, the distal
force gradually increased for CA made of PETG. Still, it
remained relatively constant for the direct-printed CA
groups, likely because of the material properties.” There-
fore, direct-printed CAs could improve treatment ef-
ficiency by reducing side effects such as intrusive forces
and tipping.

The present study also examined whether modifica-
tion of the margin design of direct-printed CAs could
improve rotational movement efficiency. Group T was
designed to increase the thickness of the anterior em-
brasure, which was based on a study that showed that
a thicker CA delivered stronger tipping forces.”® The re-
sults showed that the tipping force was significantly less
than that of other direct printing types but had minimal
impact on rotational moments. Therefore, a thickened
anterior embrasure design could reduce intrusive forces,
a side effect discussed earlier. However, its efficiency in
rotational improvement alone is limited.

In CA treatment, it is necessary to use attachments of
different designs to prevent the CA from slipping.'>**”""*
In a previous study evaluating the moments to rotate
the teeth, Ferlias et al.’* reported that the vertical rect-
angular attachment generated the most considerable
moment, with significant buccal root torque. Simon et
al.* reported that the moment was significantly higher
with the attachment, 8.8 N mm, compared to 1.2 N
mm without the attachment, and the intrusive force
was reduced. Therefore, in the present study, we also
applied vertical rectangular attachment to the man-
dibular second premolars, and all groups showed buccal
root torque except for the Mx value of CA with PETG
at derotation of 2°. In contrast, the direct-printed CA
with a thickened mesial embrasure showed a more sig-
nificant buccal root moment at all setup angles, which
was attributed to the deep fit extending from the mesial
embrasure area to the proximal contact point with the
thicker CA.

To produce optimal forces for tooth movement while
maintaining elasticity to reduce CA deformation, PETG’s
low elasticity and risk of plastic deformation if the strain
exceeds 2% must be considered. Therefore, the degree
of de-rotation should remain within the elastic limits of
the material. However, TC-85, a material used for direct-
printed CA with its shape memory effect and significant
energy loss from dynamic mechanical analysis results at
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oral temperatures (37°0),*° can deliver weak forces even
if the strain exceeds 2%, making it a more effective ma-
terial for CA. TC-85 recovered its elastic phase without
plastic deformation with temperature changes, allowing
for better force management through material proper-
ties rather than modifying the alignment margin design.

This study measured the forces and moments generat-
ed by PETG and TC-85 CAs using a 6-axis force/moment
transducer at intraoral temperatures (37°C), providing in-
sight into their initial force systems. However, this study
has several limitations. This study did not fully replicate
the intraoral environment by excluding humidity, fric-
tion, and occlusal force. While focusing on the initial
force, the study lacked data on long-term material per-
formance, deformation, or force reduction with repeated
use. In addition, biological processes that affect tooth
movement, such as the periodontal ligament response or
bone remodeling, were not considered, limiting the clin-
ical relevance of the findings. Future research should ad-
dress these limitations by evaluating force reduction and
material deformation with repeated use, including oral
environmental factors, and by conducting longitudinal
clinical studies to better understand the relationship
between mechanical data and actual tooth movement,
thereby providing deeper insights into the biological and
clinical effects of CAs.

CONCLUSIONS

In this study, we quantitatively measured the forces
and moments generated when applying rotational forces
to second premolars using thermoformed PETG CA and
direct-printed TC-85 CA with various margin designs to
identify the CA material and design that achieves ro-
tational movement more effectively. Consequently, the
forces and moments of the CA printed directly using TC-
85 remained relatively constant as the rotational setup
angle increased. However, the various margin designs did
not increase the efficiency of rotational movement by
themselves; instead, they reduced unwanted movements
such as intrusion forces.
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