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Abstract

This study examined the fit of 3D-printed and thermoformed clear aligners (CAs)
on activated tooth models using micro—computed tomography (micro-CT). Three
evaluation models were prepared: a passive model (P0.0) and two activated
models (A0.3 and AO0.5, where the upper right central incisor was labially
displaced by 0.3 and 0.5 mm, respectively). Three CA material groups were tested:
3D-printed CAs made from TC-85 resin (3DP), thermoformed multi-layer CAs with
a copolyester—elastomer combination (TM), and thermoformed single-layer CAs
made of polyethylene terephthalate glycol (TS). CAs (n = 10) were fitted to
corresponding models and scanned using micro-CT. Gap widths were measured
at various tooth positions and measurement points in sagittal sections on all sides
under passive and active states. Nonparametric analyses (Kruskal-Wallis tests
with Bonferroni-corrected Mann-Whitney U post hoc comparisons) were
performed with o = 0.05. The 3DP group exhibited significantly greater overall
gap widths than the thermoformed groups (p < 0.001), with no significant effect
of activation level (p = 0.350). In contrast, both the TM and TS groups showed
significant increases in gap widith with increasing activation (p < 0.001). Fit
patterns differed by tooth position and measurement point, particularly in
activated models, demonstrating distinct material-dependent adaptation

behaviors.

Keywords: activated tooth model, 3D-printed clear aligner, thermoformed clear

aligner, micro-CT, fit, gap width


mailto:jungcha@yuhs.ac

Introduction

Clear aligner (CA) therapy has gained widespread popularity in recent years
owing to its aesthetic benefits, removability, and minimal impact on daily life!.
These advantages have driven the use of CAs across all age groups, including
children and adolescents?3. With growing demand, various CA materials have
been developed, and their clinical performance is expected to improve as
mechanical properties advance*. Thermoplastic materials used for CAs are
classified into single-layer and multi-layer types®. Common single-layer materials
include polyethylene terephthalate glycol (PETG), thermoplastic polyurethanes
(TPU), polycarbonate, polypropylene and copolyester5-9. Although widely used,
most single-layer materials exceed their yield strength when deformed beyond
10%—15%, making recovery of the original shape difficult!?. To address these
limitations, multi-layer hyvbrid materials were introduced, combining a rigid outer
shell with a more elastic inner core. These designs provide a lower modulus of
elasticity, enabling casier insertion and removal, reduced patient discomfort, and

more continuous force delivery with less stress decay!!.

With advances in computer-aided design and manufacturing (CAD/CAM)
technology, 3D printing has become a novel method for producing CAs,
eliminating thermoforming!2. Several resin-based materials with favorable
mechanical and biocompatible properties have been developed for 3D-printed
aligners, and ongoing efforts aim to integrate them into clinical practice. In a
systematic review, Boo et al. reported that most 3D-printed aligners remain
within the clinically acceptable accuracy threshold of 0.25 mm!3. Notable
materials discussed in the literature include E-guard (Envision TEC, Rock Hill,
SC, USA), Dental LT Clear Resin (Formlabs Inc., Somerville, MA, USA) and Tera
Harz TC-85 (Graphy Inc., Seoul, Korea)13.14,



Among these resins, TC-85 is a photopolymer resin approved for medical device
applications and has been adopted for the direct 3D printing of CAs!5. It
demonstrates viscous and flexible properties that may sustain force delivery
during orthodontic movement!6.17, Additionally, it exhibits shape memory
behavior that may improve adaptability to tooth morphology, including undercuts,
potentially enhancing contact with tooth surfaces!8. Studies have also shown that
it maintains microhardness comparable to thermoformed materials?®.

The biomechanics of CAs in orthodontics differ fundamentally from
conventional bracket-based systems because force delivery depends on direct
contact between the appliance and tooth surface. Force transmission can be
reduced by aligner—tooth gaps and periodontal ligament flexibility, which allows
roughly 0.04 mm of tooth displacement before initiating the biochemical response
associated with tooth movement2?. Therefore, a close fit between the tooth
surface and the aligner, combined with material resilience, is critical for efficient

force delivery 2021,

Several research approaches have been proposed to evaluate CA fit or accuracy.
Prior studies used scanning electron microscopy (SEM) to assess passive fit of
commercial products, such as Invisaligri and CA-Clear Aligner2!. Other studies
have compared the dimensional accuracy of thermoformed and 3D-printed CAs
using scanning and superimposition techniques at specific tooth landmarks?22.23,
However, SEM requires destructive sectioning of samples, whereas scanning-
based approaches require a surface spray that may compromise accuracy. To
overcome these limitations, micro—computed tomography (micro-CT) has been
suggested as a non-invasive and precise alternative for evaluating aligner
thickness and gap width without physical sectioning, enabling detailed

assessment of the aligner-tooth interface20.24.25,

Despite these advances, most prior studies evaluated retainers using passive-
state models, which do not reflect the dynamics of active tooth movement.
Activated models introduce mechanical stress and deformation, providing a more
realistic assessment of material behavior under clinical conditions. Therefore, the
present study aimed to evaluate the fit of CAs on activated tooth models by
measuring gap width using non-invasive, high-resolution micro-CT. Controlled

labial displacements of 0.3 and 0.5 mm were applied to the upper right central



incisor to simulate clinically relevant movement and compare aligner adaptation

among material groups.

This study tested the following null hypotheses regarding activation levels in
single tooth movement: (1) the fit of 3D-printed and thermoformed CAs would not
differ significantly among tooth positions; (2) within each material group, the fit
on tooth surfaces would not differ significantly between target and adjacent teeth.
This study’s findings are expected to improve clinical predictability in orthodontic

treatment using CAs.

Results

Intrarater reliability for micro-CT gap width measurements was excellent, with
an ICC value of 0.987 (95% CI: 0.984—-0.989).

Comparison of overall gap width for 3D-prinied and thermoformed CAs
by activation amount

The 3DP group showed the largest median gap width across all activation levels
compared with the TM and TS groups (both p < 0.001). Gap width did not differ
significantly with activation in the 3DP group (p = 0.350), whereas in the TM and
TS groups, it increased significantly with greater activation (both p < 0.001). The
TS group had the smallest median gap width in the passive state (p < 0.001),
whereas the TM group had the smallest median gap width at 0.5-mm activation
(p < 0.001; Table 1).

Comparison of gap width for 3D-printed and thermoformed CAs by
activation amount and tooth position

In the 3DP group, gap widths showed no significant differences across
activation levels or among individual teeth (#11, #12, #21, #16, and #26). In
contrast, TM and TS groups exhibited significant increases in median gap width
for the target (#11) and adjacent teeth (#12 and #21) with higher activation (p
< 0.001), whereas anchorage teeth (#16 and #26) showed no significant
differences. At the passive state (P0.0), anterior teeth (#11, #12, and #21) had



significantly larger gap widths compared with posterior anchorage teeth (#16
and #26) (p< 0.001). In both active states (A0.3 and A0.5), the largest gap widths
were observed at #11 and #12 (p < 0.001).

As activation increased, gap width for #11 was significantly larger in the TM
and TS groups than in the 3DP group (A0.3: p = 0.010; A0.5: p < 0.001). In
contrast, gap widths for #12 and #21 did not differ significantly among the three
groups in either active state. Additionally, #16 and #26 were unaffected by
activation in all groups. Detailed values according to tooth position and material

group are presented in Table 2.

Comparison of gap width by activation amount and measurement point in
the anterior target segment within each material group

In the 3DP group, the buccal side of #12 (p < 0.001) and the palatal side of
#11 (p < 0.001) showed the greatest gap width increases with activation.
Conversely, the incisal edge of all three teeth (#11: p = 0.006; #12: p = 0.019;
#21: p=0.025) and the buccal side of #11 (p = 0.008) showed reduced gap width
at 0.5-mm activation compared with the passive state. Variations for the 3DP
group in the anterior target segment are shown in Supplementary Table S1, Fig.
1 and Fig. 4.

In the TM group, the palatal side of #11 (p < 0.001) and the buccal side of #12
(p < 0.001) showed the largest gap width increases. The incisal edge of all three
teeth (#11: p < 0.001; #12: p < 0.001; #21: p < 0.001) also increased
significantly with activation, whereas the palatal sides of #12 and #21 showed
no significant change. Variations for the TM group are presented in

Supplementary Table S2, Fig. 2 and Fig. 4.

In the TS group, the palatal side of #11 (p < 0.001) and the incisal edge of all
three teeth (#11: p< 0.001; #12: p< 0.001; #21: p< 0.001) exhibited the largest
increases in gap width with activation. Median gap widths at all surfaces of all
three teeth increased significantly with activation level. Variations for the TS
group are summarized in Supplementary Table S3, Fig 3. and Fig 4.



Discussion

In CA therapy, the gap width of CAs is a key factor that strongly influences
orthodontic treatment, and the inner surface of the aligner should remain as close
to the teeth as possible to apply clinically effective forces20.26.27 This study
compared the fit of 3D-printed and thermoformed CAs using micro-CT under
passive and activated tooth models, aiming to clarify how material and activation
affect aligner adaptation. The results demonstrated that (1) the fit of 3D-printed
and thermoformed CAs differed significantly among tooth positions, with
material-specific responses to activation level and (2) within each material group,
the fit on the tooth surfaces differed significantly between target and adjacent
teeth under activation, leading to rejection of both null hypotheses at a

significance level of a = 0.05.

Micro-CT was selected because it enabies non-invasive, high-resolution
evaluation of the aligner-tooth interface while allowing standardized sectioning
at identical locations across specimens. This approach is particularly suitable for
activated models, where material behavior under activation can be assessed
without compromising specimen integrity. Nevertheless, despite the use of
standardized section definitions and predefined landmarks, complete
standardization of ineasurement point selection remains challenging due to the
complexity of tooth morphology, which may contribute to minor but acceptable

measurement variability within the resolution limits of the technique.

Significant differences in gap width were observed among the three material
groups depending on activation level. The 3DP group consistently exhibited
significantly larger median gap widths (0.059—-0.071 mm) compared with the TM
(0.023—-0.035mm) and TS (0.012-0.042 mm) groups at all activation levels (P0.0,
A0.3, and AO0.5), indicating lower overall fit. Differences in overall fit at the P0.0
state among groups align with prior passive-state studies, which reported that
3D-printed CAs showed greater gap widths relative to thermoformed CAs, with
no significant differences observed between the TM and TS group?2>. Cole et al.

similarly found that 3D-printed retainers had the greatest deviation from original



reference models, whereas vacuum-formed retainers had the least?2.
Accumulated polymerization shrinkage during printing has been associated with
the broadly lower fit of 3D-printed CAs28,

Notably, despite the 3DP group consistently showing larger gap widths, it was
unaffected by increases in activation, suggesting that the direct-printed material
maintains dimensional stability under stress. This contrasts with thermoformed
materials, where greater activation induced deformation. The thermomechanical
and viscoelastic properties of the TC-85 resin material likely contributed to its
distinct behavior. According to Lee et al., TC-85 exhibited rapid stress relaxation
at 37°C, with residual force decreasing from 18.0 to 1.0 N after 13 cycles!6. This
property may have allowed the aligner to adapt more gradually and uniformly to
the activated dentition, thereby reducing localized stress at the target site.
Furthermore, the higher loss tangent of TC-85 (0.16) compared with PETG (0.004)
at 37°C indicates its greater viscous behavior under thermal conditions!6. This
elevated viscosity and lower elastic modulus in TC-85 resin likely contributed to
enhanced creep compliance and stress relaxation'’, enabling smooth deformation
of the material and allowing more gradual adaptation to misaligned dentition

without disengagement.

For effective tooth movement with conventional thermoplastic CAs, it is
recommended to move teeth by 0.25—0.33 mm per step??. Gao et al. suggested
that the ideal aligner activation increment should be 0.20—0.50 mm30:31,
Therefore, we tested activation at 0.3 and 0.5 mm, representing the average and
upper end of the recommended activation range for thermoformed aligners,
respectively. Although the initial gap width of the 3DP group was larger than that
of the thermoformed groups, minimal degradation of fit occurred during tooth
movement, particularly at 0.5-mm activation, owing to the higher flexibility and
broader elastic range of CAs made with TC-856. This suggests that aligner
deformation is less pronounced with greater activation, indicating potential for
more tooth movement per step, which may reduce the number of treatment steps
or shorten treatment duration. However, force transfer efficiency may still be
affected by lower initial fit; therefore, further validation is needed to confirm

whether fit stability translates into efficient clinical performance.

The TS and TM groups showed the smallest gap widths in the P0.0 and A0.5



states, respectively. This pattern can be explained by the multi-layer composition
of TM materials, which include elastic media between outer layers that may
enhance resistance to deformation under high stress!!. In contrast, single-layer
materials, although initially stiffer owing to a higher elastic modulus, have been
shown to lose mechanical stability after repeated stress or simulated aging3?,

potentially leading to greater gap widening at higher activation levels.

Fit patterns across teeth varied with activation level and material group. For
intertooth comparisons, the 3DP group maintained relatively uniform fit across
target (#11), adjacent (#12 and #21), and anchorage (#16 and #26) teeth,
regardless of activation. In contrast, the TM and TS groups showed significantly
lower fit in target (#11) and adjacent (#12 and #21) teeth with increasing
activation, whereas anchorage teeth (#16 and #26) showed no significant change
at any activation level. Additionally, at A0.3 and AQ.5 states, target #11 and
adjacent #12 demonstrated larger gap widths compared with adjacent #21 in
both thermoformed groups. The lower fit of #12 relative to #21 at active states
may be explained by morphological differences, such as shorter crowns, and the

mechanical properties of thermoformed materials’.33,

The fit of tooth surfaces in the anterior target segment under activation was
material-dependent, and the degree of displacement affected not only the target
but also the adjacent tecth. For the 3DP group, the palatal side of #11 (0.059-
0.142 mm) and buccal side of #12 (0.078-0.211 mm) responded most to
activation. However, the buccal side of #11 and incisal edges of all three teeth
showed a significant reduction in gap width at 0.5-mm activation, a pattern
distinct from that of the thermoplastic groups. TC-85 resin provides greater
surface resilience through its thermomechanical and viscoelastic properties!6.17,
maintaining structural conformity and promoting adaptation in target and
adjacent teeth even during activation, particularly at movement sites. In contrast,
the palatal side of #11 showed the greatest increases in gap width (TM: 0.069-
0.411 mm; TS: 0.048-0.429 mm), highlighting challenges in adaptation at the
movement-facing side in the TM and TS groups. PETG and similar thermoformed
materials, characterized by higher elasticity and lower viscosityl6, likely
generated tension from adjacent contact zones, causing dislodgement between

the tooth model and aligner.



In clinical situations requiring multiple-tooth movement, the fit characteristics
of aligner materials must be considered. During lingual movement of the central
incisor, a gap forms at the labial surface of the adjacent lateral incisor; if lateral
incisor rotation is also required, this gap may impair movement. In cases
involving both lingual movement and intrusion, conventional thermoplastic
appliances may be less effective for intrusion because of reduced fit at the incisal
edge. Bodily tooth movement often coincides with tipping, and although CAs are
effective for leveling and alignment, they face difficulties with movements such
as extrusion, rotation, and torque control, which remain unpredictable34. CAs
often induce uncontrolled tipping and relative intrusion, concentrating force on
the incisal edge or occlusal surface, especially when intimate fit and full surface
contact are lacking?6.35.36, Reduced fit can also lift aligners during torque-related
root movement, complicating generation of effective couple force?6. To
compensate, overengineering with additional preset torque and counter-
moments should be considered3’-39. Attachments serve as important auxiliary
elements of CA therapy,4%4! and stepwise tcoth movement or reduced
displacement per step is often necessary. From a design perspective, digital
workflows with 3D-printed materials can support more precise planning of

complex tooth movements.

The present study should be interpreted within several limitations. First,
experimental constraints prevented simulation of an oral environment at 37 °C
with high relative humidity during micro-CT scanning, which may have affected
fit. Second, as an in vitro investigation, this study was limited to static assessment
of aligner fit during labiolingual displacement of a single tooth. Other types of
tooth movements, such as rotations and multidimensional displacements
involving multiple teeth, as well as actual tooth movement patterns and clinical
efficacy, were not evaluated. Third, the aligners were not exposed to intraoral
degradation factors, including salivary enzymes, pH fluctuations, masticatory
forces, or aging conditions, that affect material properties during clinical use.
Accordingly, this study focused on initial fit assessment and did not evaluate long-
term material behavior or dynamic changes during wear. Further research is
needed to determine whether the observed material-dependent fit behaviors
under activation translate to differences in force delivery and treatment

outcomes in clinical practice.



Conclusion

The fit of CAs differed between 3D-printed and thermoformed materials under
activation. 3D-printed CAs exhibited greater overall gap widths than
thermoformed CAs, and their gap widths were not significantly affected by
increasing activation. In contrast, thermoformed CAs showed significant
activation-dependent increases in gap width, particularly at the target and
adjacent teeth. All material groups exhibited significant surface-specific fit
variations at target and adjacent teeth, with thermoformed CAs showing greater
increases relative to 3D-printed CAs. These findings indicate that both
manufacturing technique and prescribed activation influence aligner fit under

static laboratory conditions.

Methods

Sample preparatiocn

Three types of tooth evaluation model were created: passive-state (P0.0), 0.3-
mm active-state (A0.3), and 0.5-mm active-state (A0.5). For the P0.0 model, a
standardized upper dental arch model from Korean adults with normal occlusion
(CON2001-UL-SP-FEM-32, Nissin Dental, Kyoto, Japan) was scanned with an
intraoral scanner (D250, 3Shape, Copenhagen, Denmark) to generate an STL file.
Using this file, the A0.3 and A0.5 models were produced by moving the upper
right central incisor (#11: target tooth) bodily towards the labial direction by 0.3
and 0.5 mm, respectively, using CAD/CAM software (3Shape Ortho System,
Copenhagen, Denmark). Digital models (60 x 50 x 20 mm; S-100, Graphy Inc.,
Seoul, Korea) were printed at 30 units per model type (total n = 90) using a DLP
3D printer (ASIGA Pro 4K 385, Asiga, Alexandria, Australia). After printing, the

models were removed from the build platform and cleaned with 99.5% isopropyl



alcohol (IPA) for 1 min using two fresh baths (30 s each). If residual resin was
observed, gentle brushing was performed followed by an additional IPA rinse.
Residual IPA was removed using compressed air, and post-curing was performed
using the Tera Harz Cure (Graphy Inc., Seoul, Korea) under level 1 for 5 min. To
minimize potential dimensional changes, printed models were stored at room
temperature in a light-shielded environment, and aligner fitting was completed

within 3 days after model fabrication prior to micro-CT acquisition.

Thirty thermoformed CA samples were fabricated per group. Thermoformed
CAs were divided into two groups: the multi-layer (TM) group, with copolyester
outer shells and thermoplastic elastomer inner shells (CA pro, Scheu-Dental,
Iserlohn, Germany), and the single-layer (TS) group, with a PETG sheet (Duran,
Scheu-Dental, Iserlohn, Germany). A 0.75-mm-thick thermoplastic material was
vacuum-thermoformed on a passive-state model using a thermomolding caster
(Ministar, Scheu-Dental, Iserlohn, Germany) under manufacturer-recommended
thermal deformation conditions. To maintain consisiency, the model base was
prepared to a uniform height?*2, and its position was standardized on the platform.
After thermoforming, CAs were separated from the model, and the gingival line

of the aligner was trimmed straight, 2 mm beneath the gingival margin.

Thirty 3D-printed CA samples were prepared using photo-polymerizable
polyurethane resin (TC-85, Graphy Inc., Seoul, Korea). Based on the passive-state
STL file, CAs were designed using CAD software (Direct Aligner Designer, Graphy
Inc., Seoul, Korea) at 0.5-mm thickness, 50-4m offset from tooth surfaces, and O-
MM offset from the gingiva. Printing was performed with a DLP 3D printer (ASIGA
UV MAX 385, Asiga, Alexandria, Australia) at 50-um layer thickness. CAs were
printed with a 20° orientation and minimal strut supports. This orientation was
chosen to reduce support-contact artifacts on the fitting surface and to improve
printing stability by minimizing suction-related deformation during layer-by-layer
fabrication. This printing strategy was adopted to preserve dimensional fidelity
of the intaglio surface, which is critical for accurate evaluation of aligner fit.
Uncured resin was removed via centrifugation for 5 min using the Tera Harz
spinner (Graphy Inc., Seoul, Korea), after which samples were cured using the
Tera Harz Cure (Graphy Inc., Seoul, Korea) for 20 min under level 2 nitrogen
conditions with ultraviolet light (385—405 nm). This inert curing prevented



oxygen inhibition and improved material properties. Final cleaning was
performed using flowing water and ultrasonic cleaning for 2 min at 80 °C. CAs
were boiled for 1 min at 100 °C and dried for 10 min. Fig. 5 illustrates the

experimental design and study workflow.

Gap width measurement using micro-CT

The micro-CT acquisition and measurement protocol followed prior
methodology??. CAs were applied to their respective evaluation models (PO0.0,
A0.3, and A0.5). The 3D-printed CAs were conditioned in warm water (80 °C),
following the manufacturer’s guidelines, whereas thermoformed CAs were
immediately inserted at room temperature. Subsequently, 3D-printed samples
were dried at 37 °C to restore their original configuration and structural integrity.
All aligners (n = 10 per condition) were scanned using a high-resolution micro-

CT device (Skyscan1173, Bruker, Billerica, MA, USA) at 40 kV, 200 MA, and 34.9

MM of resolution, yielding 90 scans in total.

The upper right central incisor (#11: target), right lateral incisor (#12: adjacent),
left central incisor (#21: adjacent), and first molars (#16 and #26: anchorage)
were re-orientated using Dataviewer software (version 1.5.6.2, Bruker, MA, USA).
Slices were obtained using the model base as the horizontal reference plane. For
each evaluated tooth, a volume of interest (VOI) of identical size was defined to
include the most mesial and distal contact points, and a reference line connecting
these two points was constructed. The sectional plane was set perpendicular to
this mesiodistal reference line and passing through its midpoint, thereby
generating a reproducible sagittal section for each tooth (Fig. 6). The
standardized sagittal cross-sectional images were saved and analyzed using
CTAn software (version 1.17.7.1, Bruker, MA, USA) at 300x magnification (Fig.
6).

Gap width was measured as the shortest perpendicular distance from the inner
surface of the aligner to the tooth surface at predefined reference points on the
selected section. Reference points included buccal and palatal gingival margins,
buccal and palatal midpoints (defined as the midpoint between the gingival

margin and the incisal/occlusal point), and incisal/occlusal points (incisal edge



and occlusal cusp tips) (Fig. 6)24. The occlusal points of posterior teeth included
buccal and palatal cusp tips, considered clinically as a single plane; thus, rather
than analyzing their measurement values separately (Oc! and Oc2), we

interpreted them using mean values.

For statistical analysis of the anterior target segment (#11, #12, and #21), five
measurement points were grouped into three anatomical regions: buccal, incisal,
and palatal. The buccal (Bu) measurement was considered the combined
buccogingival margins (Bg) and buccal midpoints (Bm) values, whereas the
palatal (Pa) measurement was defined as the combined palatogingival margins
(Pg) and palatal midpoints (Pm) values, representing the overall buccal and
palatal regions of the teeth, respectively. In total, 2,430 measurement points were
assessed by a single examiner and remeasured after a 2-week interval to evaluate
intrarater reproducibility. The intraclass correlation coefficient (ICC) was
calculated using a two-way mixed-effects model with absolute agreement

(ICC(3,1)) for repeated measurements.

Statistical analysis

Data were analyzed using SPSS software (version 28.0, IBM Corp., Armonk,
NY, USA). The normality of data distribution was assessed using the
Shapiro—Wilk test, which indicated non-normality. Median gap widths of aligners
were compared by tooth position and measurement point across activation levels
using the nonparametric Kruskal-Wallis test for multiple comparisons, followed
by the post hoc Mann-Whitney U test with Bonferroni correction. The significance
level (o« = 0.05) was adjusted according to the number of statistical tests
performed (p < 0.017 for three-group comparisons and p < 0.0125 for four-group

comparisons).
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Figure legends

Figure 1. Median (IQR) gap width of 3DP group by activation amount and
measurement point in the anterior target segment. (a) Target tooth #11, (b)
adjacent tooth #12, and (c) adjacent tooth #21. Outliers (> 1.5 x IQR) are shown
by closed circles, and extreme outliers (> 3 x IQR) by diamonds. Asterisks
indicate statistically significant post hoc differences after Bonferroni correction
(p < 0.017). Pa (palatal): Pm (palatal midpoint) + Pg (palatogingival point); /n
(incisal): /n/Oc (incisal or occlusal point); Bu (buccal): Bm (buccal midpoint) + Bg
(buccogingival point). Complete data and statistical results are provided in

Supplementary Table S1.

Figure 2. Median (IQR) gap width of TM group by activation amount and
measurement point in the anterior target segment. (a) Target tooth #11, (b)
adjacent tooth #12, and (c) adjacent tooth #21. Outliers (> 1.5 X IQR) are shown
by closed circles, and extreme outliers (> 3 X IQR) by diamonds. Asterisks
indicate statistically significant post hoc differences after Bonferroni correction
(p < 0.017). Abbreviations as in Fig. 1. Complete data and statistical results are

provided in Supplementary Table S2.

Figure 3. Median (IQR) gap width of TS group by activation amount and
measurement point in the anterior target segment. (a) Target tooth #11, (b)
adjacent tooth #12, and (c) adjacent tooth #21. Outliers (> 1.5 X IQR) are shown

by closed circles, and extreme outliers (> 3 X IQR) by diamonds. Asterisks



indicate statistically significant post hoc differences after Bonferroni correction
(p < 0.017). Abbreviations as in Fig. 1. Complete data and statistical results are

provided in Supplementary Table S3.

Figure 4. Representative sagittal micro-CT images showing the gap width
between the aligner material group and the tooth surface at 0.3-mm activation
(AO0.3) and 0.5-mm activation (A0.5). The yellow and white arrows indicate
significant increases and decreases in gap width, respectively, with greater
activation. (a) Adjacent tooth #12, (b) target tooth #11, and (c) adjacent tooth
#21.

Figure 5. Flowchart of the experimental design and process.

Figure 6. Micro-CT analysis of gap widths in an individual tooth. (a) Slices of the
focused tooth obtained from micro-CT imaging using a horizontal plane from the
model base, and (b) perpendicular to the line connecting the most mesial and
distal contact points of the tooth, with VOT (blue box) applied in Dataviewer. (c)
Measurement of gap width using CTAn. White arrows indicate measurement
points: Pg, palatogingival; Pm, palatal midpoint; /n/Oc, incisal or occlusal; Bm,

buccal midpoints; Bg, buccogingival.



Tables

Table 1. Gap width (min) of 3D-printed and thermoformed CAs

by activation

amount.
Median (IQR)
o Mean = SD
Activation
amount 3DP ™ TS p-value Post hoc
(n = 30) (n = 30) (n = 30)
0.059 0.023 0.012
0.0 (0.037-0.105) (0.000-0.047) (0.000-0.035) <0.001**x |3DP > TM > TS
0.077 = 0.058 0.029 + 0.028 0.020 + 0.024
0.070 0.033 0.023
0.3 (0.035-0.117) (0.012-0.089) (0.000-0.089) <0.001*++ | 3DP > TM, TS
0.091 += 0.094 0.062 = 0.076 0.058 = 0.075
0.071 0.035 0.042
0.5 (0.035-0.140) (0.012-0.150) (0.000-0.110) <0.001*++ |3DP > TS > TM
0.098 = 0.090 0.090 £ 0.112 0.088 +£ 0.121
p-value 0.350 <0.001%%* <0.001%%*
Post hoc - 0.5>0.3>0.0 0.5,0.3>0.0

Column-wise comparisons indicate differences among activation levels within

each material, and row-wise comparisons indicate differences among materials



within each activation level. Statistical analyses were performed using the

Kruskal—Wallis test followed by post hoc Mann—Whitney U tests with Bonferroni

correction. **p < 0.001.

Table 2. Gap width (mm) of 3D-printed and thermoformed CAs by activation

amount and tooth position.

o Median (IQR)
Tooth ACtlI\iatIO Mean * SD pvalue | Post hoc
position amount 3DP ™ TS
(n = 30) (n = 30) (n = 30)
0.0 0.069 (0.048-0.089) | 0.048 (0.023-0.059) | 0.035 (0.0—-0.052) |<0.001*| 3DP > TM,
) 0.073 £ 0.035 0.047 £ 0.034 0.033 £ 0.030 x TS
Target 0.3 0.076 (0.048-0.096) | 0.105 (0.047-0.248) | 0.158 (0.041-0.246) 0.010% TS, TM >
(#11) ) 0.076 £ 0.038 0.147 £ 0.115 0.148 £ 0.102 ) 3DP
0.5 0.055(0.012-0.130) | 0.193 (0.068—-0.376) | 0.233 (0.063-0.421) |<0.001*| TS, TM >
) 0.079 £ 0.071 0.224 + 0.159 0.237 £ 0.168 * 3DP
p-value 0.699 <0.0071%** <0.0071%**
Post hoc - 0.5,0.3>0.0 0.5>0.3>0.0
0.0 0.067 (0.048-0.105) | 0.035 (0.023-0.058) | 0.023 (0.012-0.047) |<0.001*| 3DP > TM,
) 0.076 £ 0.040 0.039 £+ 0.026 0.028 + 0.020 ok TS
Adjacent 0.3 0.082 (0.042-0.151) | 0.117 (0.063—0.140) | 0.089 (0.059-0.125) 0.629 _
(#12) ) 0.099 + 0.063 0.100 + 0.046 0.091 + 0.041 )
0.5 0.073 (0.048-0.175) | 0.163 (0.059-0.210) | 0.111 (0.071-0.193) 0.146 ~
) 0.113 + 0.092 0.138 £ 0.079 0.133 £ 0.071 )
p-value 0.283 <0.007 %% <0.007%**




Post hoc

0.5>03=>0.0

0.5>0.3>0.0

0.059 (0.048-0.082)

0.0 0.037 (0.012—-0.059) | 0.023 (0.0—0.048) [<0.001*{ 3DP >TM >
) 0.067 + 0.032 0.040 + 0.031 0.030 + 0.029 Hok TS
Adjacent 0.3 0.071 (0.048-0.096) | 0.061 (0.037—0.082) | 0.063 (0.023—-0.089) 0.182 _
(#21) ’ 0.074 + 0.035 0.059 + 0.035 0.063 + 0.049 ’
0.5 0.073 (0.042-0.094) | 0.078 (0.052—0.111) | 0.080 (0.063—-0.107) 0.431 _
) 0.075 + 0.046 0.085 + 0.052 0.094 + 0.070 :
p-value 0.518 <0.0071%kk <0.001%%*
Post hoc - 0.5>0.3>0.0 0.5,0.3>0.0
0.0 0.058 (0.023-0.125) | 0.012 (0.000-0.023) | 0.000 (0.000—-0.012) |<0.001*| 3DP > TM >
Anchora ’ 0.082 + 0.078 0.012 + 0.012 0.006 + 0.009 Hok TS
ge 0.3 0.050 (0.023-0.140) | 0.012 (0.000-0.020) | 0.0 (0.000-0.012) [<0.001*|3DP >TM >
(#16 & ) 0.101 +£ 0.130 0.012 + 0.012 0.005 + 0.009 Hok TS
26) 0.5 0.074 (0.023-0.189) | 0.012 (0.006—0.023) | 0.0 (0.000-0.012) |<0.001*|3DP >TM >
) 0.110 £ 0.107 0.015 + 0.012 0.004 + 0.007 Fok TS
p-value 0.412 0.028%* 0.063
Post hoc - - -
0.504 <0.0071 %%k <0.0071%kk
0.0 ) (#11, 12, 21 > #16 &|(#11, 12,21 > #16 &
" 26) 26)
p-value 0.140 <0.007 %%k <0.0071%kk
(Post 0.3 ) (#11, 12 > #21 > (#11, 12 > #21 >
hoc) " #16 & 26) #16 & 26)
0.259 <0.007 %%k <0.0071%kk
0.5 ) (#11, 12 > #21 > (#11,12 > #21 >
" #16 & 26) #16 & 26)

Column-wise comparisons indicate differences for a given material: (i) among

activation levels within each tooth position and (ii) among tooth positions within

each activation level.

Row-wise comparisons indicate differences among

materials within each activation level. Statistical analyses were performed using
the Kruskal—Wallis test followed by post hoc Mann—Whitney U tests with

Bonferroni correction. *p < 0.05; ***p < 0.001.
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Figure 1. Median (IQR) gap width of 3DP group by activation amount and
measurement point in the anterior target segment. (a) Target tooth #11, (b)
adjacent tooth #12, and (c) adjacent tooth #21. Outliers (> 1.5 X IQR) are shown
by closed circles, and extreme outliers (> 3 x IQR) by diamonds. Asterisks
indicate statistically significant post hoc differences after Bonferroni correction
(p < 0.017). Pa (palatal): Pm (palatal midpoint) + FPg (palatogingival point); /n
(incisal): /n/Oc (incisal or occlusal point); Bu (buccal): Bm (buccal midpoint) + Bg
(buccogingival point). Complete data and statistical results are provided in

Supplementary Table S1.
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Figure 2. Median (IQR) gap width of TM group by activation amount and
measurement point in the anterior target segment. (a) Target tooth #11, (b)
adjacent tooth #12, and (c) adjacent tooth #21. Outliers (> 1.5 X IQR) are shown
by closed circles, and extreme outliers (> 3 X IQR) by diamonds. Asterisks
indicate statistically significant post hoc differences afier Bonferroni correction
(p < 0.017). Abbreviations as in Fig. 1. Complete data and statistical results are

provided in Supplementary Table S2.
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Figure 3. Median (IQR) gap width of TS group by activation amount and

measurement point in the anterior target segment. (a) Target tooth #11, (b)
adjacent tooth #12, and (c) adjacent tooth #21. Outliers (> 1.5 X IQR) are shown

by closed circles, and extreme outliers (> 3 X IQR) by diamonds. Asterisks

indicate statistically significant post hoc differences after Bonferroni correction

(p < 0.017). Abbreviations as in Fig. 1. Complete data and statistical results are

provided in Supplementary Table S3.



Figure 4. Representative sagittal micro-CT images showing the gap width
between the aligner material group and the tooth surface at 0.3-mm activation
(A0.3) and 0.5-mm activation (A0.5). The yellow and white arrows indicate
significant increases and decreases in gap width, respectively, with greater
activation. (a) Adjacent tooth #12, (b) target tooth #11, and (c) adjacent tooth
#21.



Preparation of evaluation model | Preparation of CAs |

| -
1. Digital scan of reference passive model (P0.0) ‘ 3D-printed CA Thermoformed CA

2. Create STL file of activated model (A0.3, AQ.5) 1. Deslign y Ith .
acuum-thermoform

3. 3D print 2. 3D Print
| I | 3. Post-process (cleaned with centrifuge) | |
P0.0 A0.3 A0.5 TC-85 Copolyester-elastomer combination PETG
(n=30) (n=30) (n=30) (3DP, n=30) (TM, n=30) (TS, n=30)

Adaptation of CAs on evaluation model

(Po.o) (Po0] (Po.o) [A03]) (A03) [A03] [A05] (A05]) (A0S5)
(3op) (7om ) ((7s ] (3pp]) (M) ((T1s ) (3DP) (™ ] (T ]
(n=10) (n=10) (n=10) (n=10) (n=10) (n=10) (n=10) (n=10) (n=10)

| Micro-CT scan ‘

‘ Measurement (Gap width) |

Figure 5. Flowchart of the experimental design and process.
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Figure 6. Micro-CT analysis of gap widths in an individual tooth. (a) Slices of the
focused tooth obtained from imicro-CT imaging using a horizontal plane from the
model base, and (b) perpendicular to the line connecting the most mesial and
distal contact points of the tooth, with VOI (blue box) applied in Dataviewer. (c)
Measurement of gap width using CTAn. White arrows indicate measurement
points: Pg, palatogingival; Pm, palatal midpoint; /n/Oc, incisal or occlusal; Bm,

buccal midpoints; Bg, buccogingival.
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Table 2. Gap width (mm) of 3D-printed and thermoformed CAs by activation

amount and tooth position.

o Median (IQR)
Tooth Activatio Mean + SD , Post I
position amgunt 3DP ™ TS pvatue | FoOSLhoc
(n = 30) (n = 30) (n = 30)
0.0 0.069 (0.048—0.089) | 0.048 (0.023—-0.059) | 0.035 (0.0—0.052) [<0.001*| 3DP > TM,
) 0.073 + 0.035 0.047 + 0.034 0.033 + 0.030 Hok TS
Target 0.3 0.076 (0.048-0.096) | 0.105 (0.047—-0.248) | 0.158 (0.041-0.246) 0.010* TS, TM >
(#11) ) 0.076 + 0.038 0.147 £ 0.115 0.148 + 0.102 ) 3DP
0.5 0.055 (0.012—-0.130) | 0.193 (0.068—0.376) | 0.233 (0.063—-0.421) |<0.001*| TS, TM >
) 0.079 + 0.071 0.224 + 0.159 0.237 + 0.168 * 3DP
p-value 0.699 <0.0071 %k <0.0071%kk
Post hoc - 0.5,0.3>0.0 0.5>0.3>0.0
0.0 0.067 (0.048-0.105) | 0.035 (0.023-0.058) | 0.023 (0.012—0.047) |<0.001*| 3DP > TM,
) 0.076 + 0.040 0.039 + 0.026 0.028 + 0.020 Hok TS
Adjacent 0.3 0.082 (0.042-0.151) | 0.117 (0.063—0.140) | 0.089 (0.059-0.125) 0.629 ~
(#12) ) 0.099 + 0.063 0.100 + 0.046 0.091 + 0.041 )
0.5 0.073 (0.048-0.175) | 0.163 (0.059—-0.210) | 0.111 (0.071-0.193) 0.146 ~
’ 0.113 + 0.092 0.138 + 0.079 0.133 + 0.071 )
p-value 0.283 <0.0071%kk <0.001%kk
Post hoc - 0.5>0.3>0.0 0.5>0.3>0.0
0.0 0.059 (0.048-0.082) | 0.037 (0.012—-0.059) | 0.023 (0.0-0.048) [<0.001*|3DP > TM >
’ 0.067 + 0.032 0.040 + 0.031 0.030 + 0.029 Hok TS
Adjacent 0.3 0.071 (0.048-0.096) | 0.061 (0.037—0.082) [ 0.063 (0.023—-0.089) 0.182 _
(#21) ' 0.074 + 0.035 0.059 + 0.035 0.063 + 0.049 ’
0.5 0.073 (0.042—-0.094) | 0.078 (0.052—0.111) | 0.080 (0.063—-0.107) 0.431 _
) 0.075 + 0.046 0.085 + 0.052 0.094 + 0.070 :
p-value 0.518 <0.00 1%k <0.0071%kk
Post hoc - 0.5>0.3>0.0 0.5,0.3>0.0
0.0 0.058 (0.023-0.125) | 0.012 (0.000—-0.023) | 0.000 (0.000—-0.012) |<0.001*| 3DP > TM >
Anchora ' 0.082 = 0.078 0.012 + 0.012 0.006 + 0.009 Fok TS
ge 0.3 0.050 (0.023-0.140)|0.012 (0.000—0.020) | 0.0 (0.000—0.012) |<0.001*|3DP > TM >
(#16 & ) 0.101 =+ 0.130 0.012 + 0.012 0.005 + 0.009 Hok TS
26) 05 0.074 (0.023-0.189) | 0.012 (0.006—0.023) | 0.0 (0.000-0.012) [<0.001*|3DP >TM >
) 0.110 £ 0.107 0.015 + 0.012 0.004 + 0.007 Hok TS
p-value 0.412 0.028%* 0.063
Post hoc - - -
0.504 <0.007 %k <0.0071%***
0.0 ’ (#11, 12, 21 > #16 &|(#11, 12, 21 > #16 &
" 26) 26)
p-value 0.140 <0.007%#** <0.007%***
(Post 0.3 ) (#11, 12 > #21 > (#11, 12 > #21 >
hoc) - #16 & 26) #16 & 26)
0.259 <0.007%*** <0.007%***
0.5 ) (#11, 12 > #21 > (#11, 12 > #21 >
" #16 & 26) #16 & 26)

Column-wise comparisons indicate differences for a given material: (i) among

activation levels within each tooth position and (ii) among tooth positions within

each activation level.

Row-wise comparisons

indicate differences among

materials within each activation level. Statistical analyses were performed using
the Kruskal—Wallis test followed by post hoc Mann—Whitney U tests with
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Bonferroni correction. *p < 0.05; ***p < 0.001.



Table 1. Gap width (mm) of 3D-printed and thermoformed CAs

by activation

amount.
Median (IQR)
: : Mean = SD
Activation
amount 3DP ™ TS p-value Post hoc
(n = 30) (n = 30) (n = 30)
0.059 0.023 0.012
0.0 (0.037-0.105) (0.000-0.047) (0.000-0.035) <0.001**+ |3DP > TM > TS
0.077 £ 0.058 0.029 £ 0.028 0.020 = 0.024
0.070 0.033 0.023
0.3 (0.035-0.117) (0.012-0.089) (0.000-0.089) <0.001*++ | 3DP > TM, TS
0.091 = 0.094 0.062 £ 0.076 0.058 £ 0.075
0.071 0.035 0.042
0.5 (0.035-0.140) (0.012-0.150) (0.000-0.110) <0.001**+ |3DP > TS > TM
0.098 + 0.090 0.090 + 0.112 0.088 + 0.121
p-value 0.350 <0.007%** <0.0071%**
Post hoc - 0.5>0.3>0.0 0.5, 0.3 > 0.0

Column-wise comparisons indicate differences among activation levels within

each material, and row-wise comparisons indicate differences among materials

within each activation level. Statistical analyses weie performed using the

Kruskal—Wallis test followed by post hoc Mann—Whitney U tests with Bonferroni

correction. ***p < 0.001.




