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Abstract
Background

This in vitro comparative study examined the effects of high removal frequency on force generation and gap
width changes in direct-printed aligners (DPAs) compared with thermoformed aligners (TFAs), considering
different tooth positions and crowding conditions.

Methods

A total of 104 aligners, comprising 26 pairs of DPAs and 26 pairs of TFAs, were fabricated for both crowded
and noncrowded maxillary arch models. Force measurements were conducted at initial placement and after
every 20 removal cycles for up to 100 cycles, whereas gap width analyses were performed at initial placement
and after 100 removal cycles. Statistical analyses were performed to evaluate the force and gap width
changes, with a focus on site-specific differences.

Results

DPAs demonstrated significantly lower initial forces and maintained consistent force levels over increased
removal frequencies, irrespective of crowding conditions. Conversely, TFAs exhibited higher initial forces, with
significant force decay over time, particularly in crowded models. DPAs also showed improved fit over time
with decreased gap widths, whereas the gap widths of TFAs increased, particularly in the gingival areas.

Conclusion

DPAs offer superior dimensional stability and force predictability over TFAs while maintaining consistent
performance across various dental conditions. Future in vivo studies are recommended to further explore the
clinical efficacy of DPA and address its current limitations.

BACKGROUND

The advent of clear aligners (CAs) has revolutionized orthodontic treatment by offering an aesthetic,
comfortable, hygienic, and convenient alternative to fixed appliances [1], which are highly preferred by patients
[2, 3]. Moreover, advances in materials and manufacturing methods have significantly enhanced the clinical
performance of CAs, thereby expanding their applicability to various types of malocclusions [4-6]. The
integration of digital technology with three-dimensional (3D) printing has minimized labor-intensive
fabrication and reduced cumulative processing errors associated with traditional thermoplastic workflows [7].
Direct-printed aligners (DPAs), which bypass the intermediary step of 3D model printing, utilize innovative
materials, such as photopolymerizable polyurethane (Tera Harz TC-85 DAC UV Resin; Graphy Inc., Seoul,
Korea). This advancement enables same-day appliance delivery via in-house fabrication. DPAs are expected
to deliver more consistent and predictable orthodontic forces than thermoformed aligners (TFAs) owing to
their shape memory properties and dimensional stability at high temperatures [8].
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To achieve planned tooth movements, CAs must exert controlled forces on target teeth with minimal
unintended force fluctuation decay. Understanding the mechanical properties of a material that affects the
biomechanical behavior of the appliance is crucial. However, evidence is limited because of the complexity of
analyzing the entire arch force system exerted by CAs. Studies have explored various mechanical properties
of DPAs, including their thermomechanical characteristics, viscoelasticity, stress relaxation and creep, shape
recovery, ultraviolet (UV) curing kinetics, and cytotoxicity [9-16]. Ensuring the dimensional accuracy of DPAs
is critical for optimal fit and stability throughout the treatment period. Any discrepancy in fit may lead to
insufficient physiological activation of alveolar remodeling or excessive force on the teeth, complicating the
force system and making it unpredictable. Therefore, maintaining close contact between the aligner and tooth
surfaces is essential despite repeated mechanical stresses over time [17]. Notably, manufacturers
recommend a minimum gap width of 50 um for fabrication purposes. This raises questions regarding whether
DPAs fit the reference model better than TFAs prior to activation in the mouth.

Previous studies compared the dimensional accuracies of DPAs and TFAs under various conditions and
yielded mixed results. Studies using metrology software for alignment have shown that DPAs fit more
accurately than TFAs, suggesting that DPAs deliver more aligned forces with biologically desired levels and
biomechanically consistent profiles [11, 18]. Conversely, based on site-specific morphometric analyses, a
recent micro-computed tomography (CT) study found greater gap widths in DPAs than in TFAs, particularly in
the palatal, buccogingival, and palatogingival regions, based on site-specific morphometric analyses [19].
Moreover, dimensional stability after repeated aligner deflection due to frequent insertion and removal is vital
for consistent force delivery. Although studies have shown decreased forces in TFAs with increased removal
frequency [20], similar investigations on DPAs are lacking. An in vivo study on DPAs [8] indicated no significant
changes in the mechanical properties after 1 week of intraoral aging, although the sample size was limited.

Predicting the force levels delivered to each tooth remains challenging because tooth movement with CAs is
not solely dependent on the shape-molding effect. Various factors influencing the loading force changes have
been identified, including material properties, degradation over time, removal frequency, tooth irregularity, and
inbuilt activation [20]. However, it is crucial to minimize the discrepancies between the intimate contact areas
and relief areas within activated aligners [21]. Before assessing the viscoelastic properties, it is important to
verify the effect of the aligner removal frequency on non-activated aligners by correlating force changes with
gap width alterations due to deformation.

This in vitro study aimed to investigate the site-specific effects of removal frequency on the dimensional
stability and consequent loading force changes in DPAs compared with TFAs, focusing on the central incisor,
canine, second premolar, and second molar regions within a crowded dental arch. The null hypothesis posited
that DPAs would exhibit no significant changes in gap width and force levels across all tooth surfaces after
repeated appliance removal, regardless of tooth position or anterior crowding.

METHODS
Sample Preparation
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A master scan of the maxillary arch with well-aligned occlusion after orthodontic treatment was obtained
using an intraoral scanner (Trios, 3shape, Copenhagen, Denmark) for control purposes. The standard
tessellation language (STL) file was imported into the Autolign software (Diorco Co., Ltd., Seoul, Korea) to
create another STL file of the maxillary arch with a tooth-size-arch-length discrepancy of 6 mm for the study
sample. Two types of digital master models were produced: one with crowding (C) and one without crowding
(NC). Ten master models were printed for each group using a digital light processing (DLP) 3D printer (Asiga
UV MAX385, Asiga, Alexandria, Australia) at a 50-um layer thickness. A total of 104 aligners were fabricated:
26 pairs of DPAs (DPA_C and DPA_NC) and 26 pairs of TFAs (TFA_C and TFA_NC) for both the C and NC
groups (Fig. 1). In each aligner group, 20 pairs were used for the film-sensor tests and 6 pairs were used for
micro-CT analysis. The sample size per group was estimated to be 16, as determined using the G* Power
software (version 3.1.9.7, Diisseldorf, Germany), according to previous studies [20]. An effect size of 0.4, a
power of 90%, and an a value of 0.05 were applied.

DPA Fabrication

DPAs were digitally designed using Deltaface software (Coruo, Limoges, France) with a predetermined
thickness of 0.50 mm and an offset of 50 ym. The aligner margins on the facial sides were digitally trimmed
to approximately T mm below the gingival margins, following the natural contour. They were positioned at a
printing angle of 30° for minimal support struts and printed using a TC-85DAC 3D Printing Shape Memory
Aligner Resin (Graphy Inc., Seoul, Korea) and a DLP 3D printer (Asiga UV MAX385, Asiga, Alexandria,
Australia). The residual resin was removed from the printed aligners by using a centrifuge (Tera Harz Spinner,
Graphy Inc., Seoul, Korea) at 500 rpm for 5 min. The DPAs were then cured for 20 min with UV light (405 nm)
under nitrogen atmosphere using a post-curing machine (Tera Harz Cure, Graphy Inc., Seoul, Korea). The final
cleaning was performed using an ultrasonic cleaner for 2 min at 80°C.

TFA Fabrication

A 0.75-mm thickness of polyethylene terephthalate glycol (PET-G) sheet, branded as Easy-Vac gasket (3A
MEDES, Korea), was utilized to vacuum-thermoform the passive aligner over the printed master models using
a pressurized thermoforming machine (Biostar, Scheu-Dental, Iserlohn, Germany), following the
manufacturer's recommendations. The thermoformed sheet was removed from the model and trimmed along
the same gingival edges as the DPA. All TFAs (n = 52) were produced by a single technical expert (N. D.) using
the same master model of the TFA_C or TFA_NC samples.

Force Measurement

A thin-film single pressure sensor (FlexiForce ESS102, Tekscan Inc. USA) was used to measure the
compression exerted by the aligners on each tooth surface (Fig. 2a). The sensors, featuring soft and flexible
structures with minimal thickness (0.203 mm), a small sensing area (3.8-mm diameter), high sensitivity, and a
measurable force range of 4.4 N (448.668 g), were employed. During the final step of fabrication of the printed
master model for force measurement, the facial surfaces of the relevant teeth were specially designed to
provide a perfectly fit space for sensor installation. To minimize the sensor weight imbalance due to the
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discrepancy between the flat sensor and curved inner aligner surface, the sensors were trimmed, and tooth
surfaces were optimally prepared to enhance sensor performance (Fig. 2b). Four sensors were fixed to the
prefabricated facial surfaces of the central incisor (#11), canine (#13), second premolar (#15), and second
molar (#17) of each master model using cyanoacrylate (Fig. 2c). All sensors were reset and calibrated across
different model-sensor-aligner complexes before measurement to ensure consistent loading geometry and
environmental conditions. Ten samples were randomly selected for reproducibility testing by precision rate
[20], and the averaged precision rate between repeated measurements was found to be 93.2 + 2.8%.

Force measurements were conducted at the initial placement of the aligner (T0), after every 20 removals (T20,
T40, T60, and T80), and after removal up to 100 times (T100). The process of placing and removing aligners
was performed exactly as orthodontists recommend to patients, according to the aligner type. For DPAs,
repeated insertion and removal were conducted inside a water bath at 45°C, and force was measured in a
laboratory oven set at 37°C after a 1-h stay to fully express its shape memory property (Fig. 2d). For TFAs, all
procedures were performed at room temperature. The entire process was performed by a single technician
(N. D.). Sensor data collection was conducted using the ELF system software (Tekscan, Inc. USA) (Fig. 2e and
2f).

Gap Width Measurement

All aligners over the corresponding master models in the TFA_C, TFA_NC, DPA_C, and DPA_NC groups (n=6
each) were scanned at TO and T100 using a high-resolution micro-CT (Skyscan1173, Bruker, MA, USA) at 40
kV, 200 pA, and 35-um resolution. The resulting 3D images (n = 48) of each target tooth were reoriented using
the DataViewer software (version 1.5.6.2, Bruker, MA, USA). Midsagittal longitudinal slices perpendicular to
both the model base plane and the line linking the most mesial and distal contact points were obtained for the
central incisors and canines (Fig. 3a). Longitudinal slices were constructed for the premolars and molars that
passed through the facial and palatal cusp points (FC and PC, respectively) (Fig. 3b). Gap widths were
measured using the CTAn software (release 2.5, Bruker, MA, USA) at 300x magnification as the shortest
distance when a perpendicular line was projected from each reference point tangent on the tooth. The
reference points included gingival margins, facial and palatal contour heights, incisal edge/cusp points, and
the most concave cingulum/occlusal pit: facial (F); faciogingival (FG); palatal (P); palatogingival (PG); and
additionally, incisal (IN) for anterior teeth; FC, PC, and occlusal fossa (OF) for posterior teeth.

Statistical Analysis

We performed inter-group comparisons of forces at different aligner removal frequencies between DPAs and
TFAs according to tooth position and presence of crowding. In addition, the gap width differences between
the model and aligner after 100 removal cycles and the DPAs and TFAs across various tooth regions in both
the C and NC groups were compared.

This was confirmed using a linear mixed-effects model for repeated data, and the interaction effects between
the removal point, appliance, and crowding were evaluated through the interaction term. Additionally, multiple
comparisons using Bonferroni post-hoc correction were carried out.
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All statistical analyses were performed based on a significance level of 0.05, and SAS9.4 (SAS Institute, Inc.,
Cary, NC) and R4.4.2 (https://cran.r-project.org) were used for statistical analyses.

RESULTS

Comparison of the Force Levels Between Aligners at Different
Removal Frequencies

At the initial placement (T0), DPA exerted significantly lower forces than TFA did in the C and NC groups
across all tested teeth (Table 1). The forces delivered by TFA were notably lower in the C group (20.81 + 10.94
gto 79.15+ 18.35 g) compared with the NC group (132.75+46.19 g to 181.64 + 46.36 g) at all tested
frequencies up to T100, except for the second molars. In contrast, the forces exerted by DPA showed no
differences between the groups based on crowding or tooth position and remained within a narrow range
(4.68+1.23gt07.58+0.70 g).
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Table 1

Inter-group comparisons of forces at different aligner removal frequencies between DPA and TFA, categorized
by tooth position and the presence of crowding (values in parentheses represent the relative ratio when TO is
considered as 100).

Tooth Removal DPA Group TFA Group P-value of
# Frequency Interaction
DPA_NC DPA_C TFA_NC TFA_C
#11 T0 7.47 + 6.07 + 181.03 + 33.20+
0.63 0.75 43.51 10.67
T20 7.56 + 6.13+ 169.93 + 29.76 + 0.328
0.78 0.79 41.60 10.71
T40 7.32+ 6.16 + 166.60 + 29.17 % 0.09
0.73 0.79 41.78 10.97
T60 7.55+ 6.20 + 161.35+ 2485+ < 001™
0.78 0.67 38.40 10.62 ’
T80 7.48 £ 6.17 + 156.03 £ 23411 < 001™
0.55 0.63 37.72 10.43 ’
T100 7.58 £ 6.11% 148.51 20.81 < .001™
0.70 0.81 39.41 10.94 ’
P-value' 0.285 0.378 <.0011" <.001*"* <.001™
P-value? 0.916 <.001%##
#13 T0 474 + 534+ 173.74 £ 79.15%
1.23 0.98 44.53 18.35
T20 471+ 5371 159.34 68.82 + 0.162
1.28 0.84 42.92 19.28
T40 4.83 + 536+ 154.70 + 65.08 + 0.261
1.33 0.96 44.24 18.50
T60 4.68 + 560+ 150.06 + 61.70 + 0.008™
1.23 1.12 42.54 16.75 ’
T80 4.70 + 543+ 145.67 + 56.16 + 0.003*
1.15 0.83 40.67 16.50 ’
T100 4.83 + 541 137.63 53.15% 0.032"
1.20 0.80 40.91 15.61 ’
P-valuet 0.247 0.073 <.001*"* <.0011"t 0.005™

TAnalysed by liner mixed-effects model for repeated measures. ¥, P<0.05; 71, P< 0.01; T, P < 0.001.

*Analysed linear mixed-effects model with interaction terms for removal frequency and appliance. ¥ P <
0.05; ¥ P<0.01; ¥ P<0.001.

*Analysed linear mixed-effects model with interaction terms for removal frequency, appliance, and
crowding presence. *, P<0.05; ™, P<0.01; ™, P <0.001.
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P-value* 0.865 <.0071#
#15 TO 595+ 6.06 + 181.64 + 56.50 +

0.80 0.66 46.36 15.67

T20 6.20 + 6.20 + 164.69 + 48.36 + 0.586
0.97 0.66 42.62 16.20

T40 6.02 + 6.21+ 152.76 + 46.84 + 0.646
0.87 0.54 42.07 14.72

T60 5.87+ 6.24 + 147.40 + 41.69 + 0.057
0.86 0.52 44.85 13.54

T80 579+ 6.10+ 143.68 + 38.70+ 0.02"
0.95 0.58 42.84 11.66 '

T100 5.94 + 6.01+ 13275+ 34.99+9.09 0.135
0.86 0.68 46.19

P-value 0.098 0.319 <.001* <001 0.017*

P-value* 0.373 0.015%

#17 TO 5.07 + 5.04 + 162.66 + 167.07 +

0.35 0.44 44.27 42.23

T20 517+ 516+ 144.56 + 152.85+ 0.573
0.55 0.41 44.97 36.24

T40 5.08+ 517+ 136.76 + 145.29 0.855
0.48 0.34 42.73 37.16

T60 520+ 5154+ 126.49 + 136.95+ 0.423
0.53 0.36 39.43 39.04

T80 5.08+ 522+ 117.65+ 128.85+ 0.76
0.41 0.46 38.24 36.53

T100 518+ 510+ 104.12+ 118,92+ 0.107
0.38 0.31 37.89 35.77

Pvaluet 0.423 0.221 <001t <001 0.177

P.valuet 0.934 0.085

TAnalysed by liner mixed-effects model for repeated measures. T, P < 0.05; 7, P < 0.01; T, P < 0.001.

*Analysed linear mixed-effects model with interaction terms for removal frequency and appliance. ¥ P <
0.05; ¥ P<0.01; ¥ P<0.001.

*Analysed linear mixed-effects model with interaction terms for removal frequency, appliance, and
crowding presence. ¥, P<0.05; ™, P<0.01; ™ P <0.001.

Comparison of Force Changes Between Aligners: Effects of
Crowding and Tooth Position
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The linear mixed-effects model for repeated measures indicated that the forces exerted by TFA significantly
decreased with increasing removal frequency in the NC and C groups. However, the forces exerted by DPA
showed no significant changes over time in either group (NC or C). Regarding the relative force rate at each
removal frequency, the greatest reduction was observed in the TFA_C group, followed by the TFA_NC group,
whereas the DPA_C and DPA_NC groups maintained consistent force levels across all removal frequencies.
This trend was most pronounced in the central incisors, where the relative force levels were 61.05%, 81.69%,
101.53%, and 100.64% in the TFA_C, TFA_NC, DPA_NC, and DPA_C groups, respectively. A linear mixed-effects
model with interaction terms revealed significant effects of crowding on the force levels for the central
incisors, canines, and second premolars in the TFA samples only. For the second molars, the relative force
levels in the TFA samples showed no differences based on the presence of crowding (Table 1 and Fig. 4).

Comparison of Gap Widths Between Aligners at Different
Tooth Surface Areas

The initial gap widths (T0) exhibited site-specific differences across all tooth surfaces between DPA and TFA
depending on the tooth position (Table 2). In both NC and C groups, TFA exhibited the greatest gap at the PG
and OF areas for anterior (173.57 £ 32.36 pm to 298.03 + 41.74 ym) and posterior teeth (140.71 + 16.97 pm to
316.26 + 58.83 um), respectively, and the smallest gaps at the F surfaces for the anterior teeth (4.06 + 6.23 ym
to 36.79 + 24.02 ym), indicating a large variation in gap width depending on the location. In contrast, DPA
displayed the largest gaps at the IN area for anterior teeth (85.95+19.61 umto 117.10 £ 26.72 pm) and at the
FG and PG areas for posterior teeth (139.93 + 23.93 pm to 232.66 + 32.58 um), showing relatively uniform gap
distribution.
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categorized by tooth position and the presence of crowding, for two types of aligners.

Table 2
Initial (TO) and after 100 removal frequencies (T100) micro-CT gap widths at each region of interest,

Tooth  Surface
# Area

#11 PG

FG

value®

#13 PG

FG

P-value
1-

#15 PG

PC

OF

70
DPA_NC

98.87 +
8.43

88.93 +
12.58

14711
+26.72

49.09 +
3.11

142.35
+37.05

<.0011

I+

— 00
— O
o

74.53 +
11.81

117.97
+18.34
62.73 +
13.04

89.09 +
19.36

0.218

255.56
+25.49

65.88 +
12.34

125.57
+13.24

105.12
+19.12

TFA_NC

228.01
+32.07

113.08
+27.60

54.08 +
8.57

4.06
6.23

97.42
21.06

304.54
+39.34

54.00 +
8.57

70.00 £
9.44

564.04
+50.12

DPA_C

86.23
+16.84

92.94
+10.87

141.52
+0.52

58.10
+7.85

115.96
+13.65

213.01
+59.11

79.24
+7.86

118.41
+19.27

112.53
+12.60

TFA_C

298.03
+41.74

236.42
+78.52

111.34
+39.25

30.61
+6.31

136.34
+27.24

194.22
121.48

03.34
+53.08

151.32
151.88

36.79
+24.02

187.21
+66.32

316.26
+58.83

121.48
+21.05

97.42
+16.84

458.46
+72.94

T100
DPA_NC

94.80 +
8.39

87.26 +
10.11

146.59
+29.24

50.36 +
2.61

138.73
+36.22

<.0011t

87.64
13.24

72.67
11.24
117.62
+20.31
62.78 +
9.37

86.98 +
23.29

0.218

254.11
+24.03

64.52 +
10.99

124.34
+13.22

102.57
+20.84

TFA_NC

243.59
+39.57

108.14
+26.43

53.00 +
9.24

3.53 ¢
4.51

104.93
+18.06

318.20
+48.51

53.39¢
7.88

6595+
6.70

564.27
+49.02

DPA_C

80.42
+14.86

86.08
+7.87

131.98
+8.30

53.04
+4.15

110.07
+9.22

93.70
+5.97

55.03
+13.95
86.72
+16.88
98.65
+18.22

135.84
+33.04

196.14
+47.64

80.16
+6.46

110.18
+21.46

112.13
+12.58

TFA_C

303.59
+43.08

235.03
+76.73

110.86
+36.88

30.60
+5.83

141.21
+26.08

200.13
123.45

03.34
+53.08

146.54
*
142.94

36.06
+28.65

190.63
+62.62

324.62
+59.87

125.48
+17.37

98.28
+14.42

454.79
+72.49

TAnalysed linear mixed-effects model with interaction terms for surface point, appliance, and crowding
presence. T, P<0.05; T, P<0.01; T P<0.001.
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FC 132.17 4246+ 14948 49.00 130.41 4149+ 12470  49.08

+17.30 6.53 +71.35 +1594 +14.27 6.39 +52.71 +15.38
F 86.07 + 33.78 99.96 33.47 85.50 + 32.82+ 104.57 34.22
13.27 2.34 +12.40 1241 12.72 2.77 +15.39 +2.35
FG 230.47 99,40 + 232.67 97.19 222.45 90,82+ 242.63 102.93
+38.27 15.88 +32.58 +45.11 +29.17 15.69 +28.22 +45.23
P-value 0.0061-1‘ 0.0061-1‘
*
#17 PG 123.26 140.71 134.00 281.75 122.53 147.39 132.90 285.27
+15.14 +16.97 +35.49 +79.05 +13.18 +20.16 +32.44 +76.58
P 68.52 + 7215+ 70.34 77.48 69.52 + 71.01+ 67.80 80.32
16.81 416 +10.34 +17.50 12.91 3.49 +8.47 +16.98
PC 104.31 78.93 + 120.67 68.27 103.45 77.05+ 115.96 66.92
+15.31 10.09 +26.36 11476 +14.74 9.56 +26.03 +13.53
OF 94.00 + 393.70 78.55 268.74 9271+ 402.28 76.24 267.89
3.66 +49.89 +9.80 +73.09 4.63 +49.74 +11.72 +70.95
FC 106.95 125.51 124.59 98.39 105.75 127.27 117.80 101.28
+14.36 +11.49 +17.43 +19.31 +14.07 +12.66 +17.30 +18.64
F 94.68 + 98.18 + 60.98 55.05 92.16 ¢ 101.06 62.39 57.03
13.65 7.06 +12.02 +16.81 13.75 +8.10 +13.84 +16.41
FG 139.93 84.47 + 143.67 72.18 139.08 88.89 + 141.53 74.37

+23.93 14.43 +31.27 +11.39 +23.59 14.39 +31.10 +11.08

P-value o35t 0.035%
:

TAnalysed linear mixed-effects model with interaction terms for surface point, appliance, and crowding
presence. T, P<0.05; 7" P<0.01; T P <0.001.

Comparison of Gap Width Changes Between Aligners: Effects
of Crowding and Tooth Position

After 100 removal cycles, TFA showed significant increases in gap widths at the gingival margin areas (PG
and FG) in the NC group. In contrast, the DPA_NC group exhibited significant decreases in the gap width at the
FG and PG areas of the central incisors and the F area of the second molar, with no gap width changes
observed at other tooth areas. In the C group, the change in gap width in the TFA_C group was reduced
compared to the TFA_NC group, whereas the decrease in gap width in the DPA_C group was greater than that
in the DPA_NC group. Notably, for the rearmost teeth (#17), neither aligners demonstrated significant gap
width changes in the presence of crowding, except at the FC area in the DPA group. Linear mixed model
analysis further revealed that, for DPA, crowding had a minimal impact on gap width changes, whereas for
TFA, crowding significantly influenced the extent of gap width changes across different tooth regions,
particularly for tooth #15. Interestingly, for tooth #15, the difference in the gap width changes between the PG
and other regions was greater in the absence of crowding than when crowding was present in the TFA group.
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In the DPA group, particularly in the presence of crowding, the variance in the gap width differences between
regions was large. However, owing to the small sample size and high standard deviation (SD), the statistical
significance of these differences could not be determined (Fig. 5).

DISCUSSION

This in vitro comparative study examined the impact of high removal frequency on force generation and gap
width changes in DPA compared with TFA, considering different tooth positions and crowding conditions. The
significance of this study lies in its potential to provide a foundational guideline for understanding how forces
are applied when using DPA to effectively deliver planned forces across all teeth. Compared with TFAs, DPAs
produced from each step of the digital master model consistently demonstrated more uniform fit across
different teeth and positions from the first insertion, regardless of the degree of crowding. This lower
discrepancy may ensure that the orthodontic forces are exerted relatively uniformly and as digitally planned.

This study primarily assessed the initial forces applied by each aligner to facial tooth surfaces in the same
master model, correlating with site-specific aligner fit differences. Theoretically, TFA should exert no
significant initial force on the master model to deliver purely programmed forces intraorally. However, the
initial forces from TFA were high, exceeding 100 g, when the sensor resistance and sensitivity were set to
detect the minimal positive force from DPA (4-8 g). TFA exerted the greatest force on the central incisors and
the least on the second molars, likely due to substantial gap discrepancies between the F and P surfaces of
the incisors (Gap_F, 4.06 pm; Gap_P, 113.08 um; Gap_PG, 228.01 um in the TFA_NC group, and Gap_F, 30.61
pum; Gap_P, 236.42 pm; Gap_PG, 298.03 pm in the TFA_C group). This uneven aligner fit could push the
incisors palatally, potentially offsetting programmed forces, and leading to unexpected or insufficient
movement with TFA. In contrast, DPA exerted low initial forces (< 7.5 g), aligning with more even gap width
distribution across the tested teeth (51.09 pm to 98.87 ym in the DPA_NC group and 60.10 pm to 92.94 pm in
the DPA_C group), corroborating previous findings using digital best-fit alignment algorithms [19].

Furthermore, DPA maintained lower forces steadily over increased removal frequencies, demonstrating
significant dimensional stability over time, whereas the forces exerted by TFA gradually decreased, as
reported in previous studies [20, 22]. Lombardo et al. [23] demonstrated that thermoformed materials exhibit
substantial initial stress, followed by notable stress relaxation and yield stress changes, leading to significant
force loss over time. Our micro-CT findings confirmed permanent TFA deformation, particularly at the gingival
margins, which contributed to force loss. In the TFA_NC group, force decay was greatest in the second molars
(36.28%), followed by the second premolars (27.42%), canines (21.25%), and central incisors (18.31%). In
contrast, in the TFA_C group, force decay occurred in the order of the central incisors (38.95%), second
premolars (36.56%), canines (33.16%), and second molars (28.41%), indicating that in cases with crowding,
the reduction in force with removal frequency was more pronounced. The aligner removal frequency did not
affect the force profile of DPA, which was supported by the significant dimensional stability across most of
the tested surfaces. Interestingly, the initial DPA gaps in the gingival margins were decreased by T100 in the
central incisors and second premolars, improving the overall fit. In contrast, TFA exhibited an increase in
gingival margin gaps by T100 in the central incisors, second premolars, and second molars, indicating that
changes in the gingival margin area were the most significant differences. Consequently, DPA is likely to
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deliver more predictable orthodontic forces as programmed, even after 100 removal cycles, with no significant
differences in the overall gap and with improved fit.

A key aspect of this study was the examination of the impact of crowding on force profiles and dimensional
stability. The low and constant initial loading forces of DPA remained unaffected by moderate tooth
irregularity, showing no crowding-dependent gap width differences. This contrasts with TFA, where crowding
led to significant initial force reductions and increased gap widths around overlapping teeth. Specifically, the P
surfaces of the central incisors and canines showed increased gaps due to lingually blocked lateral incisors,
reducing the undesired initial forces observed in the TFA_NC group. However, this may limit the alignment
efficiency in the target movement areas, highlighting design considerations. Notably, compared to the
noncrowded models, the crowded models exhibited a greater TFA force decay, especially in the central
incisors, while there were no significant differences observed in the second molars. Thus, the performance of
TFA may be highly susceptible to intraoral conditions, such as crowding and tooth position, leading to
unpredictable outcomes. Fiori et al. [24] found clinical challenges in achieving predictable movement with TFA
in crowded conditions, particularly in the facial movement of the maxillary canines and first premolars. In our
study, crowding was found to significantly affect gap width variation, especially in the premolar regions,
suggesting that such irregular and unpredictable changes may contribute to the inefficient movement of the
premolars with TFA. However, due to the design of our study, the greater gap width changes observed near the
gingival area did not perfectly align with the force changes measured at the center of the crown.
Consequently, owing to the geometric accuracy and reduced site-specific differences, DPA may ensure
passive-fit adaptation in crowded dentition, facilitating a more predictable alignment.

The effect of the removal frequency on the gap width variation further underscores the differences between
DPA and TFA. Interestingly, DPA maintained a fairly constant gap width after repeated deformations, even in
the presence of tooth crowding. This stability can be attributed to the viscoelastic properties of the material of
DPA. Lee et al. [9] demonstrated that the stress relaxation and creep behavior of TC-85 showed less stress
release at 80°C compared with 37°C while maintaining static force after 13 loading cycles. The elastic
modulus and elasticity of TC-85 arise from temperature-dependent changes in the attractive forces between
the polymer chains, indicating that soaking DPA in hot water can enhance its initial tooth adaptation,
particularly in crowded dentitions. Furthermore, TC-85 is highly durable owing to its interconnected structure,
which allows it to retain its shape after repeated exposure.

In contrast, TFA lacks shape memory properties because it is composed of a thermoplastic polymer. When
deformed in the permanent deformation region, thermoplastic polymers cannot return to their original shape.
Additionally, although most polymer tests are conducted at 25°C, the oral environment typically has a
temperature of approximately 37°C. This higher temperature transfers energy to the polymer molecules,
causing them to easily lose their original shape. Conversely, the 3D network molecular structure of DPA allows
it to maintain its original shape and mechanical properties even at elevated temperatures. This inherent
stability ensures a consistent and reliable mechanical performance.

During the experimental process, DPA showed an improved fit to the model with repeated insertions and
removals, whereas TFA exhibited a decreased fit under the same conditions. This phenomenon can be
explained based on the material properties of each aligner. TFA is a thermoplastic polymer that undergoes
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deformation and lacks the ability to revert to its original shape. In contrast, DPA is composed of a UV-curable
polyurethane acrylate-based polymer with a 3D network structure.

More importantly, the increased fit of DPA after repeated insertions and removals can be attributed to the
reorganization of unstable urethane bonds. During 3D printing, urethane acrylate oligomers in DPA become
fixed in a random and sterically hindered state. However, through repeated cycles of deformation and
recovery, the unstable urethane bonds gradually reorganize into a more stable configuration. This process
enhances the recovery force of the deformed polymer, resulting in an improved fit and better mechanical
performance over time.

Our findings of improved fit of DPA over time suggest its clinical advantages over TFA in adapting to tooth
position-aligned mismatches when delivered intraorally. Linjawi et al. [25] suggested wearing Invisalign for 15
days for the best aligner fit, in terms of minimum gap width, using scanning electron microscopy. The
dimensional accuracy and stability of DPA, indicated by decreased gap widths and discrepancies, support
timely programmed tooth movement, emphasizing a force-driven mechanism beyond shape-driven behavior.
However, sample heterogeneity, as indicated by large SD values, highlights the need to minimize factors that
increase the gap width, including manufacturer-recommended insertion and removal techniques.

Several factors influence aligner force levels and gap width changes. The higher initial TFA forces may have
resulted from the thicker (0.75 mm) PET-G sheets used in its fabrication [26, 27]. However, the thickness
decreased to close to 0.5 mm according to a previous study [19], reaching DPA’s thickness level. Although
direct thickness comparisons were not performed, DPA demonstrated consistent thickness and dimensional
accuracy across sets, unlike the site-specific thickness variations in TFA [7, 28]. Critically, the lowest thickness
was on the facial surfaces of the central incisors, where the greatest force was exerted by the active TFA fit
from vacuum compression. Thus, the dimensional accuracy with passive-fit adaptation may be more crucial
than thickness differences. The vacuum thermal bonding process of TFA has limitations and requires
adequate interproximal blocking to prevent patient discomfort. The shape memory properties of DPA
eliminate this need, achieving a high fit even in intricate interproximal areas.

This study has some limitations. The sample size was small, particularly for micro-CT analysis, which limits
the generalizability of the findings. Despite efforts to minimize these discrepancies, potential system errors
may arise from force measurements using flat film sensors on curved tooth surfaces. The force range of the
sensor was limited, necessitating the precise calibration of standardized measurements. As this was an in
vitro study, it did not account for in vivo factors, such as saliva, occlusal forces, wearing time, and patient
behavior, that could affect performance. Future in vivo studies with larger sample sizes are needed to
enhance our understanding of DPA and overcome current clinical limitations.

CONCLUSIONS

This study provides foundational evidence that DPAs deliver more stable and predictable orthodontic forces
than TFAs, particularly under the conditions of repeated removal and varying dental crowding. These findings
highlight the superior fit and dimensional stability of DPA, contributing to its consistent force application
across different tooth positions and crowding scenarios. These advantages suggest that DPA can enhance
treatment outcomes by reducing the risk of unexpected tooth movement regardless of the presence of
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crowding. Despite these promising results, further in vivo studies with larger sample sizes are necessary to
validate these findings and to fully understand the clinical applications of DPA. Additionally, addressing
potential system errors and incorporating real-world factors are crucial for refining the efficacy of DPA and
establishing it as a reliable alternative for orthodontic treatment.
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Figure 1

Diagrammatic flowchart of experimental design.

Page 19/23



—
Sensing Area
‘ 3 3.8 mm (.15 in.) diameter

f

|
38.1Tmm
(1.5in.)

6 mm
(.25in.)

Figure 2

Force measurement process. (A) FlexiForce ESS102 sensors used for measuring forces. (B) Digital surface
design of the printed model, providing space for sensor placement to ensure the best passive fit of the aligner.
(C) Sensors attached to the tested teeth surfaces of the printed model. (D) Repeated aligner insertion and
removal procedure conducted on the master model in a water bath at 40°C. (E, F) Data collection of force
measurements with aligner seated on the prepared model within an oven set at 37°C.
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Figure 3

Micro-CTs illustrating the gap width between aligners and teeth at reference points. (A) Axial view showing the
region settings for each tooth. (B) Sagittal view showing the region settings for each tooth. (C) Micro-CT
cross-sectional images of the designated region. (D) Anterior teeth (e.g., the central incisor). (E) Posterior
teeth (e.g., the second premolar). Yellow arrows indicate the reference points on the teeth.
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Figure 4

Changes in force delivery of direct-printed and thermoformed clear aligners over removal frequency,
expressed as a percentage. The initial force delivery is set to 100%, illustrating the relative changes in force as

removal frequency increases. The panels show changes for different teeth: (A) Tooth #11, (B) Tooth #13, (C)
Tooth #15, and (D) Tooth #17.
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Figure 5

The differences in gap width between the model and aligner after 100 removal cycles, comparing direct-
printed and thermoformed clear aligners across various tooth regions in both crowding and non-crowding
groups. The panels show changes for different teeth: (A) Tooth #11, (B) Tooth #13, (C) Tooth #15, and (D)
Tooth #17.
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