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A standardized protocol for clear aligner thickness measurement
using a 3D-printed auxiliary device

Peigi Wang?; Qingying Liu®; Junyan Leng®; Xiaogin Zhou?; Peilin Li¢;
Xianglong Han'; Ding Bai'; Chaoran Xue®

ABSTRACT

Objectives: To develop and validate a standardized protocol for clear aligner (CA) thickness
measurement using a three-dimensional (3D)-printed auxiliary device to improve measurement
reliability.

Materials and Methods: 24 pairs of digital dental models (DOs) were included and 3D-printed
into physical models (P0s), from which CAs were thermoformed using 0.75-mm polymer sheets.
Measurement auxiliary devices (MADs) were designed on DOs through measurement point selection,
direction determination, electronic gauge mapping, and base shaping, and then 3D-printed. Two
operators measured CA thickness (40 points per CA, 48 CAs) using an electronic gauge both
directly (direct measurement, D-M) and with MADs (auxiliary measurement, A-M) across three
sessions. Measurement precision (repeatability and reproducibility) of D-M and A-M were ana-
lyzed using intraclass correlation coefficients (ICCs) and repeated-measures analysis of variance
(ANOVA) or Friedman tests. Bland-Altman plots were used to evaluate intersession agreement.
Results: A-M demonstrated superior intersession repeatability with ICC > 0.90 at all points and
high intersession agreement with a narrow 95% limit of agreement (LoA) and minimal outliers.
Interoperator reproducibility for A-M was also higher, with ICCs above 0.75 at all points, compared to
D-M, which showed ICCs below 0.75 at almost all points.

Conclusions: The 3D-printed auxiliary device-based protocol provides a precise and operator-
independent method for CA thickness measurement, offering a tool for quality control and providing
a foundation for future research on material advancement and design optimization to improve aligner
functionality. (Angle Orthod. 2026;00:000-000.)
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INTRODUCTION

Clear aligners (CAs) have gained wide popularity in
orthodontics by providing an esthetic, comfortable, oral
hygiene-friendly alternative to traditional metal brackets.'?
The efficacy of CAs depends on precise engineering, par-
ticularly regarding thickness. Excessive thickness can
increase force delivery on teeth, cause patient discom-
fort and, thus, potentially hinder desired tooth movement.
Conversely, insufficient thickness may compromise the
aligner’s structural integrity and force application, leading
to inadequate effectiveness and prolonged treatment
durations.®

CAs are typically fabricated by vacuum thermoforming,
which induces nonuniform location-dependent thick-
ness reduction across the aligner,** significantly affect-
ing force delivery in different regions.®” Therefore,
accurate thickness measurements at specific loca-
tions are fundamental to ensure that the aligners meet
the required specifications for orthodontic treatment,
which is crucial for quality control and clinical outcome
prediction. Current measurement methods include
manual measurement using electronic thickness
gauges, and digital assessments on micro-computed
tomography (uCT), scanning electron microscopy
(SEM), or three-dimensionally (3D) scanned aligners.
However, each method presents certain challenges.
Specifically, 3D scanning’s reliance on antireflective
spray on transparent aligners can introduce measure-
ment errors due to an uneven spray layer.®'° SEM
requires sectioning of the aligners, potentially causing
deformation and compromising material integrity.' pCT
scanning provides high accuracy but is constrained by
high cost, sample size constraints, and limited acces-
sibility.'>™'* Electronic thickness gauges are among
the most accurate and convenient tools available,
allowing for direct manual measurement,'® but are
prone to error due to the difficulty of consistent gauge
positioning due to the aligner’s irregular shape and oper-
ators’ cognitive difference (Figure S1).

To address these limitations, this study employed
computer-aided design and computer-aided manufac-
turing (CAD/CAM) technology to develop a 3D-printed
auxiliary device featuring “rails” that guide the electronic
thickness gauge probes, enabling precise CA thickness
measurements at key anatomical points in predeter-
mined directions. This innovation was designed to
standardize the CA thickness measurement process,
and it was hypothesized that the auxiliary device-
based protocol would offer a reliable method for CA
thickness measurement. This hypothesis was tested
by evaluating the repeatability and reproducibility of
the protocol, with the aim of establishing a new founda-
tion for quality control in aligner design, production, and
clinical application.
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MATERIALS AND METHODS

This study was approved by the institutional ethical
committee of West China Hospital of Stomatology,
Sichuan University (WCHSIRB-D-2021-282). The work-
flow is shown in Figure 1.

Subject and Aligner Fabrication

A total of 24 sets of digital dental models, comprising
maxillary and mandibular arches, were included, and
termed original digital models (D0s). The inclusion crite-
ria were: permanent dentition, normal crown height and
morphology, no defects in the tooth positions to be
measured, and no surface nodules or bubbles. These
DOs were 3D-printed (NOVAS3D Bene3, Nova Intelligent
Technology, Shenzhen, China) into physical models (POs)
that were washed in ethanol, dried, and light-polymerized
for 5 minutes using the UW-01 Washing/Curing machine.
CAs were fabricated from POs using 0.75 mme-thick poly-
ethylene terephthalate glycol (PETG) sheets (Dreve
Dentamid, Germany) via a vacuum-forming machine
(230 V/115V, 50/60 Hz, Hanzhihaokangkemao, Beijing,
China) with a heating temperature of 220°C, generating
24 maxillary CAs and 24 mandibular CAs.

Design and Fabrication of the Measurement
Auxiliary Device (MAD)

MADs were designed on DOs using Geomagic Studio
2013 (Geomagic, New York, USA), involving the following
key steps.

Selection of Measurement Points

Measurement points were identified (Table 1): occlusal
points including midpoints of the incisal edges of central
incisors, cusp tips of canines, buccal cusps of first premo-
lars, and mesiobuccal cusps of first molars; surface points
at midpoints of the labial/buccal and palatal/lingual sur-
faces; and gingival points including midpoints at the labio-
gingival/buccogingival and linguogingival/palatogingival
margins of those teeth (Figure 2A).

Determination of Measurement Directions

Reference cylinders were created using the “Cylin-
der” function through each measurement point which
was marked by the “Feature” function within the soft-
ware. The central axis of each cylinder was aligned to
bisect the mesiodistal and buccolingual dimensions
for the anterior occlusal points and perpendicular to
the occlusal plane for the posterior occlusal points.
For surface points, each cylinder axis was positioned
perpendicular to the plane tangent to the tooth surface
at the measurement point (Figure 2B).
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Figure 1. Flowchart of the present study. # n = 40 (measurement points) X 48 (clear aligners, CAs) = 1920, ® n = 40 (measurement points) x

48 (CAs) X 3 (sessions) = 5760.

Mapping of Electronic Gauge

The electronic thickness gauge (Guanglu, Guangxi,
China) was 3D scanned (UP3D, Shenzhen, China)
to obtain a digital model of it, with the I-shaped probe

Table 1. Definition of Measurement Points on Each Clear Aligner (CA)

Measurement
Point Definition

Occlusal Point

1-0 Midpoint of the incisal edge of the central incisor

3-0 Cusp tip of the canine

4-0 Buccal cusp tip of the first premolar

6-0 Mesiobuccal cusp tip of the first molar

Surface Point

1-bu Midpoint of the labial surface of the central incisor

3-bu Midpoint of the labial surface of the canine

4-bu Midpoint of the buccal surface of the first premolar

6-bu Midpoint of the buccal surface of the first molar

1-pa Midpoint of the palatal/lingual surface of the central
incisor

3-pa Midpoint of the palatal/lingual surface of the canine

4-pa Midpoint of the palatal/lingual of the first premolar

6-pa Midpoint of the palatal/lingual of the first molar

Gingival Point

1-bg Midpoint of the labial gingival margin of the central
incisor

3-bg Midpoint of the labial gingival margin of the canine

4-bg Midpoint of the buccal gingival margin of the first
premolar

6-bg Midpoint of the buccal gingival margin of the first molar

1-pg Midpoint of the palatal/lingual gingival margin of
the central incisor

3-pg Midpoint of the palatal/lingual gingival margin of
the canine

4-pg Midpoint of the palatal/lingual gingival margin of
the first premolar

6-pg Midpoint of the palatal/lingual gingival margin of

the first molar

designated as “measuring probe” and the L-shaped
probe as “auxiliary probe.” The digital gauge was posi-
tioned to align the contact point of the two probes with the
designated measurement point. Specifically, the central
axis of the measuring probe matched the reference cylin-
der axis for occlusal points, whereas the central axis of
the auxiliary probe was aligned with the reference cylinder
axis for surface points. Corresponding “auxiliary” and
“measuring” cylinders were created, with diameters
0.02-mm larger than the probes (Figure 2C).

Generation of MAD

The digital dental arch was extended by 12 mm away
from the gingival margin to form a base, with additional
modules added if the measuring cylinders protruded
beyond the original base. Boolean operations were per-
formed to create insertion paths for the gauge by subtract-
ing the measuring and auxiliary cylinders, and the teeth
corresponding to the measurement points were removed
to create edentulous regions, resulting in the digital MAD
(Figure 2D). Each MAD was 3D printed with an ultraviolet
liquid-crystal display (UV LCD) 3D printer (NOVA3D
Bene3, Nova Intelligent, Shenzhen, China), with a Z-axis
accuracy of 0.01 mm at a layer thickness of 0.05 mm,
using High Resolution Resin (NOVA3D Bene3, Nova
Intelligent, Shenzhen, China) with mechanical properties
including tensile strength of 36—62 MPa, flexural strength
of 59-70 MPa, Young’s modulus of 1.88-2.39 GPa, and
Shore D hardness of 80-85 D.

Thickness Measurement

Two operators (LQY and LJY) were trained to use the
gauge with a consistent force to measure the CA thickness

Angle Orthodontist, Vol 00, No 00, 2026
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Figure 2. Design and fabrication of the measurement auxiliary device (MAD). (A) Selection of measurement points, including occlusal (red),
surface (yellow), and gingival (green) points. (B) Determination of measurement directions, by creating reference cylinder (transparent blue),
with its central axis (red dashed line) passing through measurement points and perpendicular to the tooth surface. (C) Mapping of electronic
gauge, with the contact point of the measuring probe (circled by green) and auxiliary probe (circled by red) aligned at the measurement point,
and with the measuring and auxiliary cylinders created correspondingly. (D) Generation of MAD, through Boolean operations on the measuring or
auxiliary cylinders to create insertion paths for the gauge, and teeth removed to create edentulous regions.

following the manual guidelines. They conducted three
sessions of independent measurements at 40 points per
CA, using the electronic thickness gauge directly (direct
measurement, D-M) and with the aid of the MAD (auxil-
iary measurement, A-M) (Figure S2). Consistent force
application was practiced using training films and tare
adjustment was conducted before each formal session.

Statistical Analysis

Statistical analyses were performed using SPSS
25.0 (SPSS, Inc., Chicago, USA). Shapiro-Wilk test
was employed to assess data normality. Normally distrib-
uted data were described as means * standard deviations
(SDs) and non-normally distributed data as medians =
interquartile ranges (IQRs). Measurements from incisors
and canines were categorized as anterior, and those
from premolars and molars as posterior.

Intersession repeatability of the three measurements
was calculated using repeated-measures analysis
of variance (ANOVA) for normally distributed data
and Friedman test for non-normally distributed data,
with a significance level of o = 0.05. Intraclass correla-
tion coefficients (ICCs) were calculated to evaluate the
inter-session repeatability and interoperator reproduc-
ibility, with ICCs indicating poor (< 0.4), moderate (0.4—
0.75), and good (>0.75) repeatability. Bland-Altman

Angle Orthodontist, Vol 00, No 00, 2026

analysis was performed to evaluate intersession agree-
ment by conducting pairwise comparisons for each
pair of the three measurements. With 24 subjects and
40 observations each, the study provided 86% power
to detect an ICC of 0.9, based on an F-test with a signif-
icance level of 0.05.

RESULTS
Intersession Repeatability

As shown in Tables 2 and 3, A-M demonstrated supe-
rior intersession repeatability with consistently higher
ICCs compared to D-M across measurement points.
For Operator 1, the ICCs for maxillary measurements
were 0.829 for D-M and 0.994 for A-M; for mandibular
measurements, the ICCs were 0.888 for D-M and 0.992
for A-M (Table 2). Similar trends were observed for
Operator 2 with maxillary ICCs of 0.755 for D-M and
0.990 for A-M, and mandibular ICCs of 0.851 for D-M
and 0.988 for A-M (Table 3).

When the points were individually inspected, A-M
consistently achieved ICCs above 0.9 across all points,
whereas ICCs for D-M reached 0.90 only at maxillary 1-
pg/3-pg, 4-pa/6-pa, 4-pg/6-pg, and mandibular 4-pg/6-pg
for Operator 1 (Tables 2 and 3). Bland-Altman plots con-
firmed the superior consistency of A-M, showing narrow
95% limits of agreement (LoA) with minimal outliers vs
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Table 2. Intersession Repeatability of Thickness Measurement With Different Measurement Protocols for Operator 12
Maxillary CA Mandibular CA
ICC P Value ICC P Value
D-M A-M D-M A-M D-M A-M D-M A-M

Occlusal Points

1-0/3-0 0.603 0.991 .248 571 0.788 0.986 0~ .001*

4-0/6-0 0.535 0.983 (0 272 0.762 0.988 0~ .095
Surface Points

1-bu/3-bu 0.729 0.988 (0 .460 0.839 0.959 0~ .875

4-bu/6-bu 0.607 0.985 .004* .289 0.877 0.987 0* 157

1-pa/3-pa 0.884 0.993 .002¢ 579 0.832 0.978 0~ .607

4-pa/6-pa 0.940 0.996 .051 .657 0.876 0.989 0* 441
Gingival Points

1-bg/3-bg 0.816 0.992 (0 .06 0.820 0.981 0~ 153

4-bg/6-bg 0.699 0.989 .002* .198 0.804 0.989 102 .005”

1-pg/3-pg 0.921 0.997 .001* .837 0.824 0.982 0* 0*

4-pg/6-pg 0.939 0.995 .020* .921 0.905 0.991 0~ .013*
Overall 0.829 0.994 0~ .084 0.888 0.992 0~ 0~

* P values were calculated using repeated-measures analysis of variance (ANOVA) or Friedman test for the three sessions of measure-
ment. Differences with P < .05 are considered statistically significant among three measurement times (marked with ).
@ CAs indicates clear aligners; D-M, direct measurement; A-M, auxiliary measurement; ICC, intraclass correlation coefficient.

much wider 95% LoA for D-M with frequent outliers
(Figure 3). Additionally, no significant inter-session
differences were detected at most points with A-M
for either operator (repeated-measures ANOVA/
Friedman, P > .05), indicating high repeatability.

Interoperator Reproducibility

Analysis of 24 maxillary CAs revealed higher inter-
operator reproducibility with A-M, where all ICCs exceeded
0.75. By contrast, D-M, exhibited considerable variability,
with only 10% of points having ICCs above 0.75, 80% rang-
ing between 0.4 and 0.7, and 10% below 0.4 (Table 4).

DISCUSSION

Precise measurement of CA thickness is essential
in orthodontics as the thickness directly affects
esthetics, comfort, fit, and mechanical efficacy. This
study introduced a novel CAD/CAM auxiliary device
integrated with electronic gauges for CA thickness
measurement, enhancing convenience, feasibility,
and reliability. By standardizing the measurement
protocol, this method offers a solution for aligner
quality control and provides a solid foundation for
future research into aligner material properties and
design optimization.

Table 3. Intersession Repeatability of Thickness Measurement With Different Measurement Protocols for Operator 22

Maxillary CAs Mandibular CAs
ICC P Value ICC P Value
D-M A-M D-M A-M D-M A-M D-M A-M

Occlusal Points

1-0/3-0 0.512 0.982 .409 .758 0.775 0.987 .545 0*

4-0/6-0 0.366 0.968 444 .065 0.752 0.990 .098 0*
Surface Points

1-bu/3-bu 0.728 0.985 .594 .030 0.551 0.954 113 .844

4-bu/6-bu 0.510 0.984 .043* .002 0.720 0.968 .326 479

1-pa/3-pa 0.745 0.992 .586 0* 0.770 0.969 0* .201

4-pa/6-pa 0.797 0.995 .263 .007* 0.844 0.987 0* 434
Gingival Points

1-bg/3-bg 0.768 0.989 .018* .001* 0.667 0.973 .006* .587

4-bg/6-bg 0.719 0.987 .084 0* 0.751 0.966 41 .063

1-pg/3-pg 0.782 0.994 0* .109 0.810 0.982 0* .007*

4-pg/6-pg 0.796 0.994 192 .002* 0.841 0.975 0* .019*
Overall 0.755 0.990 0* 0* 0.851 0.988 0* 0*

* P values were calculated using repeated-measures analysis of variance (ANOVA) or Friedman test for the three sessions of measure-
ment. Differences with P < .05 are considered statistically significant among three measurement times (marked with ).
@ CAs indicate clear aligners; D-M, direct measurement; A-M, auxiliary measurement; ICC, intraclass correlation coefficient.
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Figure 3. Bland-Altman plots for thickness measurements of (A, B) maxillary and (C, D) mandibular clear aligners (CAs) from (A, C)
Operator 1 and (B, D) Operator 2, using direct measurement (D-M, upper) auxiliary measurement (A-M, lower); red line, mean difference
between the two measurements; dashed blue lines, 95% limits of agreement (LoA), mean difference = 1.96 standard deviation (SD) of

the differences.

Table 4. Interoperator Reproducibility of Thickness Measurement
With Different Measurement Protocols®

ICCs ICCs
Maxillary CAs Mandibular CAs
D-M A-M D-M A-M
Occlusal Points
1-0/3-0 0.479 0.907 0.650 0.861
4-0/6-0 0.373 0.909 0.688 0.891
Surface Points
1-bu/3-bu 0.635 0.933 0.456 0.938
4-bu/6-bu 0.465 0.839 0.581 0.946
1-pa/3-pa 0.641 0.932 0.517 0.964
4-pa/6-pa 0.798 0.950 0.503 0.976
Gingival Points
1-bg/3-bg 0.629 0.940 0.539 0.863
4-bg/6-bg 0.519 0.880 0.571 0.965
1-pg/3-pg 0.565 0.830 0.597 0.976
4-pg/6-pg 0.692 0.953 0.593 0.978
Overall 0.684 0.916 0.725 0.968

& A-M indicates auxiliary measurement; CAs, clear aligners; D-M,
direct measurement; ICCs, intraclass correlation coefficients.
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Necessity of Targeted Thickness Measurement

The vacuum thermoforming process of CAs can lead
to nonuniform shrinkage and expansion, resulting in
significant thickness variations across different regions
of the aligner due to varying tooth geometries, process-
ing parameters, and material behavior.*® For instance,
areas such as the buccal and buccogingival surfaces
are often thinner, as observed in the present study
(Tables S1 and S2) and in previous studies.'® The loca-
tion-based thickness differences affect how forces are
applied: thinner sections of the aligner are more flexible
and exert lower forces, whereas thicker areas are stiffer
and deliver higher forces.®'? These thickness variations
necessitate targeted thickness measurements across
different regions of the aligner, rather than measuring
the original film or assuming a single thickness value for
the entire aligner.

In this study, representative measurement points
(Table 1) were selected based on their clinical relevance
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to aligner performance during oral functions such as
chewing, swallowing, and speaking. Excess occlusal
contact at the occlusal points can cause accelerated
wear, while the gingival margin areas are susceptible
to deformation from frequent force during removal and
reinsertion of the aligners.'” Additionally, variations in
the buccal and lingual surfaces influence comfort and
overall aligner performance. Thus, a targeted approach
provides a precise assessment of aligner durability and
long-term fit.

Standardizing Measurement Protocol to Enhance
Repeatability and Reproducibility

Current methods for measuring CA thickness face
inherent limitations. Digital scanning, for instance, requires
antireflective spray due to the transparency of CAs.
However, consistency of this spray application is highly
operator-dependent, and variations in spray thickness
can introduce measurement errors, especially con-
sidering the thinness of aligners.?~'® SEM provides
high-resolution surface images but necessitates sample
sectioning, which can lead to deformation and disrupt
the material’s integrity."" nCT avoids the need for sprays
and sectioning but introduces challenges such as limited
scan field size, high operation costs,'®'* long process-
ing time, and limited accessibility,'® making it impractical
for routine use despite being a gold standard for accu-
racy. Manual measurement with electronic gauges offers
a direct approach'® but is prone to errors, particularly
due to difficulty in positioning the gauge correctly, as
observed in the present study, in which large measure-
ment variability was noted for D-M (Tables 2—4), especially
in the initial attempts.

The integration of CAD/CAM technology in the present
protocol addresses these challenges by enabling the
design of customized MADs tailored to the anatomical
structure of each tooth. This customization ensures that
measurements are taken at precise, predefined points
and directions, significantly reducing operator error and
enhancing measurement consistency across different
sessions and operators. The enhanced reliability of this
protocol is evident in the A-M results, which demon-
strated superior inter-session ICCs (> 0.90) and inter-
operator ICCs (> 0.75) across all measured points.
Additionally, A-M measures exhibited smaller SDs
and IQRs compared to D-M, highlighting its consis-
tency and precision.

Clinical Implications

Orthodontic CAs are typically made from thermo-
forming sheets with thicknesses ranging from 0.40 to
1.50 mm'92° and, after thermoforming a 0.75-mm sheet,
the resulting aligner thickness is commonly reduced to
0.4 to 0.6 mm locally.**#'3142" |n orthodontic practice,

most CA treatment utilizes movement steps of 0.25—
0.33 mm,?? whereas a threshold of approximately
0.15 mm is needed to activate tooth movement.?3:24
Based on these clinical parameters, a 0.25-mm toler-
ance for thickness discrepancies using superimposed
digital files has been proposed,® with fit tolerance gaps
up to 0.50 mm deemed acceptable.®

In the present study, the median thickness of all points
measured by D-M was 0.53 mm, slightly, but significantly,
greater than the 0.50-mm median by A-M (P < .01).
Although a 0.03-mm difference is unlikely to be clinically
significant on its own, the statistical significance highlights
a methodological difference between the two approaches.
As indicated by the Bland-Altman plots (Figure 3), the
mean differences between any two sessions of measure-
ments remained below 0.002 mm for A-M across all
points but reached up to ~0.017 mm for D-M at certain
points. The 95% LoA were also significantly narrower for
A-M (0.027 to 0.035 mm) compared to D-M (0.099 to
0.179 mm). In practical terms, D-M readings could fluc-
tuate by over a tenth of a millimeter and still be within
normal error, whereas A-M reduced variability to just a
few hundredths of a millimeter. It should be noted that
session-to-session variations in the median thickness
values for both A-M (up to 0.005 mm) and D-M (up to
0.024 mm) were well below the clinically acceptable
thresholds reported in previous research. However,
A-M protocol offers a greater margin of consistency,
which is crucial for advanced applications. The proposed
protocol does not aim to “fix” a wildly inaccurate manual
method but, rather, to provide superior consistency and
stricter quality control than current standards. By mini-
mizing measurement error, A-M allows the detection of
minor variations that D-M might overlook, enhancing
data integrity and consistency across aligner batches,
providing a key advantage for research and production
of advanced aligner designs.

Limitations and Future Expectations

Certain aspects of the auxiliary model require attention.
For example, the electronic gauge reads the thickness
between two probe tips, which may introduce variability
due to applied force. To mitigate this, the two operators
were trained on correct force application and conducted
tare adjustments before each session. Additionally, to
counteract systematic errors that can arise from the 3D
printing process,?® a 0.02-mm offset was introduced to
ensure smooth-without-wobbling insertion of the probe
through the “rail” system to guide the gauge probe. It
would be advisable to conduct preliminary experiments
when employing different 3D printers or resins. It is also
worth noting that the point-specific measurement
approach does not capture full-surface thickness
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distributions, necessitating complementary techniques
for comprehensive analysis.

Looking ahead, it is envisioned that artificial
intelligence (Al) algorithms could further stream-
line the process. Such algorithms might automate
measurement point selection and orient measure-
ment directions accordingly, reducing the manual-
design time and increasing the consistency of MADs
across different dental models. In addition, Al could
link the measured thickness patterns to biomechani-
cal simulations, providing a comprehensive under-
standing of how aligner geometry translates to force
delivery.

Through analysis of thickness variation among dif-
ferent points, this study provided valuable data for fur-
ther research and innovations in CA fabrication. The
significant regional variation in thickness highlights the
limitations of traditional thermoforming processes and
suggests that future manufacturing methods should
intentionally vary thickness to optimize aligner perfor-
mance. For example, regions prone to excessive
thinning could be reinforced, or intentional thinning
could be used where more flexibility is desired.
Recent modeling suggested that localized CA thick-
ening in the posterior area can strengthen anchor-
age during anterior tooth retraction.” Designing
aligners with such targeted thickness patterns could
enhance force control, improve patient comfort, and
increase durability of the appliance. These opportu-
nities make thickness-controlled aligner fabrication
a promising avenue for future research and clinical
application.

CONCLUSIONS

* A novel standardized protocol for CA thickness mea-
surement has been proposed, utilizing a CAD/CAM
auxiliary device.

» The protocol provides consistent and precise mea-
surements, thus aiding the quality control process in
CA manufacturing.

* The reliability and accessibility of the protocol lay
the groundwork for innovations in material advance-
ment and design optimization to improve aligner
functionality.

SUPPLEMENTAL DATA

Supplemental Figures 1 and 2 are available online.

Figure S1. Variations in determination of measurement
(A) landmarks and (B) directions.

Figure S2. Thickness measurement using electronic
thickness gauge with a measuring auxiliary device
(MAD).

Supplemental Tables 1 and 2 are available online.
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