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Abstract: (1) Background: Clear aligners are favored for their aesthetics in orthodontics,
with newer 3D-printed technologies allowing the design of aligners with differential thick-
nesses and materials, offering advantages in terms of force distribution on the teeth, thereby
optimizing treatment biomechanics. This study aimed to compare the initial and final forces
of three types of 3D-printed aligners (with different thickness gradients and gingival mar-
gins) and traditional thermoformed aligners (with different gingival margins), evaluating
stress relaxation and force consistency to determine which material and configuration may
be optimal for better force distribution; (2) Methods: Twenty-seven 3D-printed aligners
with three design variations and 18 thermoformed aligners were analyzed. Customized
models were used to assess force at specific points on the upper incisor (1.1) and mo-
lar (2.6). A 3 h stress-relaxation test was conducted at 37 ◦C, and force data were recorded
every second using a motorized compression stand. Statistical analysis was performed
using ANOVA, post hoc tests, and Kruskal–Wallis tests for comparisons; (3) Results and
Conclusions: Aligners with vertical and horizontal thickness gradients and a gingival
margin trimmed 2 mm above the gingival contour exerted the highest forces, particularly
at incisal/occlusal points. No significant differences in stress relaxation were observed. The
force applied to the molars was consistently higher than the force applied to the incisors.
These 3D-printed aligners with both horizontal and vertical gradients may offer a viable
alternative to thermoformed aligners.
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1. Introduction
In recent decades, aesthetics has become increasingly central to orthodontic treatment,

leading patients to favor discreet options such as clear aligners, which improve the smile
without interfering with daily life [1–3]. The evolution of aligners can be traced back to the
1940s when Kesling proposed the use of a “positioner” to move teeth incrementally [4]. In-
troduced in the 1990s, clear aligners represented a significant advancement in orthodontics
by offering removable and nearly invisible devices that allowed for intermittent application
of orthodontic forces, which cease during oral hygiene routines and meals. Despite their
advantages, traditional aligners made from PET-G (Polyethylene Terephthalate Glycol-
modified) materials tend to experience stress relaxation, resulting in a progressive reduction
in force exerted on the teeth, thereby impacting the predictability of tooth movement [5].

With technological advances, aligner production has shifted from thermoforming to
direct 3D printing, which allows greater control over structure, thickness, and material
properties, while also reducing manufacturing steps and waste, improving both precision
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and production time [6,7]. Among the 3D printing technologies employed, Direct Light
Processing (DLP) and Selective Laser Sintering (SLS) enable the creation of customized
aligners with variable thicknesses and optimized configurations tailored to clinical require-
ments [8,9]. Recent studies suggest that by varying the design and thickness of the aligners,
it is possible to influence the force exerted on the teeth, thereby optimizing treatment
biomechanics and reducing the need for visible attachments [10,11].

The introduction of rapid prototyping (RP) technologies in recent years has further
transformed aligner manufacturing. Originally developed in the 1980s, RP—also known as
additive manufacturing—has advanced significantly, finding applications in various fields,
including medicine, dentistry, and orthodontics [6]. In orthodontics, the use of digital
impressions and 3D printing to produce aligners has greatly reduced errors associated with
traditional impression methods and the fabrication of plaster models, which are susceptible
to environmental damage and storage issues [12]. Studies have confirmed that 3D-printed
models offer high precision and minimal measurement errors, making them a reliable
alternative to plaster models [13].

Traditional aligner fabrication involved the thermoforming of plastic sheets over 3D-
printed models of planned tooth movements. However, the direct 3D printing of aligners
has emerged as a groundbreaking innovation. This approach simplifies the workflow,
reduces production time, and allows for better control over aligner properties such as
thickness and material composition [6]. Technologies like DLP and SLS play a pivotal role
in this evolution. DLP uses photopolymerization to cure entire layers of liquid resin in a
single exposure, while SLS relies on a laser to sinter polymer powder, enabling the creation
of highly detailed and complex objects [9]. These methods not only enhance production
efficiency but also reduce material waste and support the development of on-demand
aligner treatments [6,7].

A notable innovation in this field is the NOXI aligner (Sweden & Martina, Due Carrare,
Padova, Italy), which uses advanced polyamide material and CAD-CAM technology for
direct printing. While aligners are more aesthetically acceptable than traditional fixed metal
appliances, they cannot be considered completely invisible. The NOXI aligner features a
design optimized for 12 h daily wear, incorporating differential thickness gradients that
may influence force distribution. These thickness variations increase from the incisal to the
gingival margin and from anterior to posterior teeth, influencing fit and force distribution
across different dental elements, thus presenting a compelling alternative to traditional
thermoformed aligners [14,15]. By incorporating these thickness variations, the NOXI
aligner is better able to address specific biomechanical needs, reducing the necessity for
additional attachments or auxiliary devices.

However, further research is required to determine the impact of stress relaxation on
the efficacy of NOXI aligners compared to traditional thermoformed alternatives. Previous
studies have indicated that stress relaxation is a major limiting factor in aligner therapy,
as it influences both the duration and the predictability of force application. For instance,
materials such as PET-G and polyurethane have been found to exhibit different rates of
stress decay, with PET-G showing a faster decline in force retention [16].

Previous studies have shown that stress relaxation occurs primarily within the first
8 h, reaching a plateau thereafter [16]. As a result, this study concentrated on the early
phase of force decay, which is critical for assessing aligner performance.

The objective of this study was to compare the initial and final force values exerted
on the upper central incisor and the upper first molar at three specific points using three
types of NOXI aligners, differentiated by gingival margin cut and thickness. These results
were compared with those from thermoformed aligners with different gingival margins.
Additionally, the percentage of stress relaxation over time was analyzed for each type of
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aligner, aiming to identify which material and configuration may optimize force application
for specific areas.

2. Materials and Methods
2.1. Sample Preparation

A master scan of a maxillary arch from a patient previously treated with orthodontics
was acquired using an intraoral scanner, Trios scanner (3Shape, Copenhagen, Denmark),
and selected for the study (Figure 1). The same upper model was used to design and
print all aligners. The test model for thermoforming the aligners was printed using the
high-speed Nexa 3D Xip printer (Nexa3D, Ventura, CA, USA) with XDent201 Grey resin
(Nexa3D, Ventura, CA, USA). Printing was performed with a layer thickness of 100 microns,
and the total print time was approximately 30 min.
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Figure 1. Master model used to print all aligners.

2.2. Aligners Selected

For this study, a total of three types of NOXI aligners and two types of thermoformed
aligners were chosen. A total of 27 NOXI aligners with three different characteristics were
analyzed (Figure 2):

• Nine NOXI aligners made of Polyammide (PA) with a vertical and horizontal thickness
gradient (vertical: 0.65 mm at the incisal margin, gradually increasing to 0.95 mm
at the gingival margin; horizontal: 0.65 mm at the incisors, gradually increasing to
0.95 mm at the molars). The gingival margin of the aligner is trimmed 2 mm above the
gingival contour (NHVH).

• Nine NOXI aligners made of Polyammide (PA) with a horizontal thickness gradient
(0.65 mm at the incisors, increasing to 0.95 mm at the molars) and a gingival margin
trimmed 2 mm above the gingival contour (NHH).

• Nine NOXI aligners made of Polyammide (PA) with a horizontal thickness gradient
(0.65 mm at the incisors, increasing to 0.95 mm at the molars) and a gingival margin
trimmed at the zenith of the tooth (NHZ).
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These aligners were compared with six thermoformed aligners with two different
characteristics (Figure 3):

• Nine F22 aligners with a straight gingival margin (cut at the zenith) made of EvoFlex
(Bay Materials LLC, Fremont, CA, USA) with a thickness of 0.76 mm (F22).

• Nine aligners with a scalloped gingival margin made of EvoFlex with a thickness of
0.76 mm (AS).
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2.2.1. Mechanical Properties of Polyamide

Polyamide (PA) is a biocompatible linear, semi-crystalline, 3D-printable thermoplastic
composite with excellent mechanical properties. Its modulus of elasticity (Young’s mod-
ulus) ranges from 1.5 to 2.1 GPa, depending on the specific processing conditions and
testing parameters. PA exhibits high tensile strength and flexibility, which contribute to its
resilience under cyclic loads common in orthodontic applications. The flexural modulus
of PA aligns well with its ability to retain shape under stress, making it a prime choice
for aligners. Additionally, PA has a low density (1.01–1.03 g/cm3), enhancing comfort for
patients during prolonged use. PA’s thermal stability (up to 185 ◦C) allows for sterilization
before clinical use. This is complemented by its low moisture absorption (<1%), ensuring
minimal dimensional changes in humid oral environments, which is critical for maintaining
precise aligner fit [17,18].

2.2.2. Mechanical Properties of EvoFlex

EvoFlex is a multi-layered material introduced in 2019. It consists of three layers: two
external layers of polyurethane and an internal elastomer layer, with a total thickness of
0.75 mm. Designed to improve the elasticity and shape-memory properties of F22 aligners
while enhancing stability over time, EvoFlex exhibits unique mechanical characteristics. Its
combination of layers provides high elastic deformation capacity, enabling an effective and
consistent force application throughout orthodontic treatment. In stress-relaxation tests
conducted at elevated temperatures to simulate 15 days of usage, EvoFlex demonstrated
superior final stress retention compared to other aligner materials, with a final stress value
of 6.5 MPa. The stress relaxation at 5 days was 49.7% and 60.8% at 15 days, markedly lower
than traditional F22 aligners (84.3%) and materials such as PET-G (96.1%) and Durasoft
(95.4%). This indicates that EvoFlex retains its orthodontic force longer, contributing to
predictable tooth movement over extended periods. Moreover, the triple-layer structure
of EvoFlex enhances its modulus of elasticity and yield point compared to monolayer
materials like PET-G and traditional polyurethane aligners. While EvoFlex shares the
benefits of low thickness (0.75 mm) and flexibility with F22 aligners, it demonstrates greater
durability and a reduced rate of stress decay under prolonged use [19].

2.3. Preparation and Testing Model Creation

Two test models were created based on the scan used to fabricate the aligners. The first
model was generated by importing the file into Rhinoceros 8 software (Robert McNeel &
Associates, Seattle, CA, USA) where the model was segmented to remove element 1.1 up to
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1 mm from the gingival margin near the position where force would be applied. The same
process was applied to the second model, removing element 2.6. The test models were
printed using a high-speed 3D printer, Nexa 3D Xip, with Xdent201 resin (Nexa3D, Ventura,
CA, USA) and supported vertically to ensure stability and space for material testing.

2.4. Testing Procedure

A motorized vertical test stand, TVO-S (AstraLab, Mariano Comense, Italy), was used
to perform a single-point vertical compression, applying a constant, preset load. Models
were placed in a container (24 cm × 12 cm × 14 cm) serving as horizontal support to ensure
that the force application occurred at the same location and remained perpendicular to
the plane. This container was filled with distilled water at a constant temperature of 37 ◦C
and positioned under the load. An Isw-100W immersion heater (INKBIRD, Shenzhen,
China) was used to maintain the water temperature at 37 ◦C (Figure 4). Each sample
underwent a 3 h stress-relaxation test. After placing the aligner correctly on the model, a
speed of 1 mm/min was set, achieving the desired deflection within one minute of testing.
A constant deflection force of 1N was maintained, with data collected every second to
obtain a precise stress-relaxation curve for each material. An external force gauge holder,
Sauter TVO-A01, was connected to a computer equipped with Sauter AFH Fast data
transmission software (AstraLab, Mariano Comense, Italy), providing a relaxation curve
(force [N]/time [s]) for each observation period. Each aligner type was tested at three
points (gingival, middle, and incisal/occlusal) on elements 1.1 and 2.6. Three equivalent
trials were conducted for each point using different aligners for each. To compare stress
decay across samples, normalized stress was calculated using the following equation to
determine stress decay percentage:

Stress Decay % = σ/σmax × 100

where σ represents the initial stress of the material, and σmax represents the maximum
stress reached during observation.
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2.5. Statistical Analysis
2.5.1. Repeatability Test

Statistical analysis was based on the mean of three tests conducted at each point
(gingival, middle, and occlusal). Repeatability tests were initially performed on ele-
ments 1.1 and 2.6, calculating the Intraclass Correlation Coefficient (ICC) to ensure high
measurement repeatability.
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2.5.2. Descriptive Statistics

Descriptive statistics, including mean, standard deviation, median, and 25th and 75th
percentiles, were calculated for each aligner group and measurement point on elements 1.1
and 2.6.

2.5.3. Statistical Tests

Levene’s test assessed homoscedasticity, revealing a violation of the homogeneity of
variances assumption (p < 0.001). Consequently, the Brown–Forsythe robust ANOVA was
used, ensuring that comparisons remained valid despite differences in variability across
groups. This method was chosen specifically to account for variance heterogeneity and
improve the reliability of statistical results. For each measurement point (gingival, middle,
incisal), ANOVA compared the mean force values across the five aligner groups for both
elements 1.1 and 2.6. Results were considered significant at a 95% confidence level with
p < 0.05. If significance was found, Tamhane’s post hoc test was applied, suitable for data
with heterogeneous variances.

2.5.4. Force Analysis Among Points

A further comparison of force at the three measurement points (gingival, middle, and
incisal/occlusal) for each aligner was conducted using the Brown–Forsythe robust ANOVA.

2.5.5. Force Decay (Stress Relaxation)

To evaluate differences in stress relaxation among aligners, the non-parametric
Kruskal–Wallis test was applied, given the non-normal data distribution and relatively
small sample size per group.

2.5.6. Effect Measurements

To quantify the magnitude of differences between groups, eta-squared and Cohen’s d
were calculated, both indicative of the proportion of variance explained by the differences
between aligners.

2.5.7. Comparison of Force Between Incisor and Molar

For each measurement point and for each type of aligner, an independent-samples
t-test was used to determine whether the force applied differed significantly between molars
and incisors. Before conducting the t-test, the assumption of homoscedasticity (equality
of variances) was assessed using Levene’s test. If Levene’s test was significant, indicating
heteroscedasticity (unequal variances), a robust version of the t-test was applied, which
adjusts the analysis to account for variance differences between groups. This procedure
ensured the statistical validity of the comparisons between different tooth types regarding
the force applied by the aligners.

2.5.8. Sample Size

The adequacy of the sample size was evaluated using a t-test for independent samples,
based on the lowest observed effect size (0.197), a significance level of 0.05, and a sample
size of 10,752 per group. This resulted in a statistical power greater than 0.99, confirming its
sufficiency to detect significant differences. However, this sample size does not represent
independent specimens but derives from repeated measurements on each aligner. Each
aligner was tested at three measurement points (gingival, middle, and occlusal) with three
repeated tests per point to refine force estimation and account for intra-aligner variability.
Statistical analyses accounted for data non-independence by applying appropriate methods
that consider within-subject variability, ensuring precision in force estimation without
artificially inflating statistical power.
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2.5.9. Software

Statistical analyses were conducted with a significance level of 0.05, using IBM SPSS
Statistics version 29.

3. Results
The repeatability of the measurements was evaluated using the Intraclass Correlation

Coefficient (ICC) for the three measurement points (gingival, middle, and incisal/occlusal)
on both the incisors and molars. The ICC values were all higher than 0.75 for each point
and each tooth, confirming the reliability of the repeated measurements analyses (Table 1).
This allowed for the use of the average of the measurements in the subsequent.

Table 1. Inter-Item Correlation Matrix.

Force (N) Force (N) Force (N)

Inter-Item Correlation Matrix Gingival Incisor
1.00 0.90 0.96
0.90 1.00 0.92
0.96 0.92 1.00

Inter-Item Correlation Matrix Middle Incisor
1.00 0.94 0.94
0.94 1.00 0.93
0.94 0.93 1.00

Inter-Item Correlation Matrix Incisal Incisor
1.00 0.94 0.96
0.94 1.00 0.92
0.96 0.92 1.00

Inter-Item Correlation Matrix Gingival Molar
1.00 0.97 0.92
0.97 1.00 0.93
0.92 0.93 1.00

Inter-Item Correlation Matrix Middle Molar
1.00 0.91 0.91
0.91 1.00 0.92
0.91 0.92 1.00

Inter-Item Correlation Matrix Occlusal Molar
1.00 0.96 0.96
0.96 1.00 0.96
0.96 0.96 1.00

3.1. Incisor (1.1)

The ANOVA test is performed to verify, for each point, whether the mean force differs
significantly among the aligners. In the case of a significant test (p-value < 0.05), it is
concluded that at least one aligner has a mean value different from the others. Before
the test, the homoscedasticity assumption was checked, and since it was not satisfied, the
robust version of the ANOVA test by Brown–Forsythe was chosen. For all points, it was
found that at least one aligner exhibits a significant difference in force compared to the
others (p-value < 0.001), with very large eta-squared values indicating highly pronounced
differences among the aligners. Post hoc comparisons conducted using Tamhane’s test
reveal that all aligners, for each point, have significantly different force values.

• At the gingival point, the NHVH aligner exerted the highest average force, followed
by NHH, F22, NHZ, and AS;

• At the middle point, NHVH again showed the highest force, followed by NHH, NHZ,
F22, and AS;

• At the incisal point, NHH had the highest force, followed by NHVH, NHZ, F22, and
AS (Table 2).
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Table 2. Comparison of strength at each point among aligners in 1.1. Robust One-Way ANOVA
Brown–Forsythe 1.

Point Aligner n Mean SD F (df1, df2) p-Value Eta-Squared

Gingival

AS 10,752 1.4 0.2

297,934.011
(4, 37,236.278) <0.001 * 0.957

F22 10,752 3.2 0.4

NHH 10,752 3.2 0.4

NHVH 10,752 7.2 0.6

NHZ 10,752 2.8 0.3

Middle

AS 10,752 4.3 0.5

98,293.072
(4, 43,204.643) <0.001 * 0.878

F22 10,752 5.3 0.7

NHH 10,752 5.9 0.4

NHVH 10,752 8.7 0.6

NHZ 10,752 5.5 0.4

Incisal

AS 10,752 6.3 0.8

53,640.504
(4, 49,636.352) <0.001 * 0.797

F22 10,752 7.8 0.7

NHH 10,752 10.1 0.8

NHVH 10,752 9.8 0.6

NHZ 10,752 8.0 0.6
1 NHVH (NOXI Horizontal Vertical High); NHH (NOXI Horizontal High), NHZ (NOXI Horizontal Zenith),
F22 (straight gingival margin—cut at the zenith); AS (scalloped gingival margin); N, sample size; SD, standard
deviation; F (df1, df2), F-distribution; * p-value < 0.05 (statistically significant).

Additionally, when comparing the force across the three measurement points, it was
found that for all aligners, the highest average force occurred at the incisal point, followed
by the middle point, and finally the gingival point. This was consistent across all aligners,
as confirmed by the robust ANOVA test and post hoc Tamhane comparisons, which showed
significant differences between the points for each aligner.

Regarding the initial and final force values, as well as the average percentage of stress
decay, the mean values for each of the five aligners were calculated for the incisors (1.1). As
for stress decay, the Kruskal–Wallis non-parametric test indicated no significant differences
(p-value > 0.05) in stress relaxation between the aligners on the 1.1 tooth (Table 3). In
Figure 5, the analysis of the force applied to the upper central incisor shows that aligners
exhibited significantly different forces at each measured point. The highest forces at the
gingival and middle points were observed with the NHVH model, followed by the NHH,
F22, NHZ, and finally AS, which recorded much lower values. This highlights the effective-
ness of the thickness gradients in stabilizing force in the gingival areas, where dissipation
naturally occurs, confirming the design’s efficacy. At the incisal point, the NHH generated
the highest force (16.3 N), followed closely by the NHVH (14.7 N), with the AS showing
significantly lower values. Despite the statistical significance, the difference between NHH
and NHVH is minimal and within acceptable limits. In summary, NHVH achieves the high-
est forces at the gingival and middle points while maintaining adequate force at the incisal
point. The highest average force was recorded at the incisal point, followed by the middle
and gingival points, confirming natural force dissipation. Additionally, the NHZ aligners
showed lower forces, particularly at the gingival point, likely due to their zenith cut ge-
ometry. This trimming effect is also seen in thermoformed aligners, with straight-trimmed
models exerting much higher forces compared to scalloped-trimmed ones.
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Table 3. Initial stress values, final stress values, stress decay, and a comparison of strength decay
among aligners tested on element 1.1, assessed using the independent sample Kruskal–Wallis test.

Material Point
Initial
Force
(N)

Final
Force
(N)

Stress
Relaxation
(%)

Mean Median SD 25th
Percentile

75th
Percentile p-Value

AS

Gingival 2.0 1.0 50.0

50.3 50.0 1.3 49.2 51.7

0.212

Middle 6.6 3.5 51.7

Incisal 10.8 5.5 49.2

F22

Gingival 5.2 2.0 51.9

46.8 47.6 5.5 41.0 51.9Middle 6.6 3.5 47.6

Incisal 5.5 8 41.0

NHH

Gingival 6.0 2.8 53.3

44.7 42.9 7.8 38.0 53.3Middle 9.2 5.6 38.0

Incisal 16.3 9.5 42.9

NHVH

Gingival 11.7 6.5 44.4

40.7 40.1 3.5 37.4 44.4Middle 13.7 8.7 40.1

Incisal 14.7 9.7 37.4

NHZ

Gingival 4.3 2.5 46.5

42.5 40.9 3.5 40.0 46.5Middle 8.8 5.2 40.9

Incisal 12.5 7.5 40.0

NHVH (NOXI Horizontal Vertical High); NHH (NOXI Horizontal High), NHZ (NOXI Horizontal Zenith), F22
(straight gingival margin—cut at the zenith); AS (scalloped gingival margin); SD, standard deviation.
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3.2. Molar (2.6)

The same statistical analyses performed on 1.1 were also conducted on 2.6. The robust
version of the ANOVA test by Brown–Forsythe was conducted and for all points on 2.6, it
was found that at least one aligner exhibits a significant difference in force compared to
the others (p-value < 0.001). Additionally, very large eta-squared values were observed,
indicating highly pronounced differences among the aligners. Tamhane’s post hoc test
was used to determine where the significant differences between aligners lie (Table 4). The
results show that, for each point, all aligners are statistically different in terms of force.
Specifically, comparisons revealed, in all the measurement points (gingival, middle, and
occlusal), that NHVH exerted the highest force, followed by NHH, F22, NHZ, and AS.
Since the values are very similar, Cohen’s d was calculated for the occlusal point between
the NHZ and F22 aligners. The result obtained was quite low (0.075), indicating that the
relationship is statistically significant but negligible. Therefore, it can be concluded that the
force exerted by F22 and NHZ is equivalent.
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Table 4. Comparison of strength at each point among aligners in 2.6. Robust One-Way ANOVA
Brown–Forsythe 1.

Point Aligner n Mean SD F (df1, df2) p-Value Eta-Squared

Gingival

AS 10,752 2.2 0.2

209,619.977
(4, 39,266.816) <0.001 * 0.940

F22 10,752 5.7 0.4

NHH 10,752 7.4 0.6

NHVH 10,752 6.8 0.7

NHZ 10,752 4.0 0.4

Middle

AS 10,752 5.2 0.3

140,950.949
(4, 45,639.097) <0.001 * 0.913

F22 10,752 7.4 0.5

NHH 10,752 9.8 0.6

NHVH 10,752 8.3 0.4

NHZ 10,752 6.1 0.6

Occlusal

AS 10,752 6.1 0.6

127,554.367
(4, 46,685.640) <0.001 * 0.905

F22 10,752 8.4 0.7

NHH 10,752 12.0 0.8

NHVH 10,752 9.3 0.4

NHZ 10,752 8.4 0.6
1 NHVH (NOXI Horizontal Vertical High); NHH (NOXI Horizontal High), NHZ (NOXI Horizontal Zenith),
F22 (straight gingival margin—cut at the zenith); AS (scalloped gingival margin); N, sample size; SD, standard
deviation; F (df1, df2), F-distribution; * p-value < 0.05 (statistically significant).

When comparing the force across the three points on the 2.6 tooth, the robust ANOVA
test confirmed that all aligners showed significant differences (p-value < 0.001) between the
points. For each aligner, the occlusal point had the highest average force, followed by the
middle point, and finally the gingival point, as revealed by post hoc comparisons using the
Tamhane test.

From all the data collected, an average value of initial and final stress was identified,
along with the corresponding average percentage of stress decay for each of the five
aligners, both on 2.6. Regarding stress relaxation, similar to 1.1, no significant differences
(p-value > 0.05) were found between the aligners on the 2.6 tooth (Table 5). In Figure 6,
the results show that at the gingival and middle levels, the NHVH aligner exerts the
highest forces, followed by the NHH, F22, NHZ, and finally AS, which shows the lowest
values. While the molar thickness is uniform at 0.95 mm across all Noxi aligners, the
forces differ between models. This is due to the unique structural design of each aligner,
where differential thickness in the anterior region affects force distribution in the posterior
areas. For example, despite identical molar thickness and trimming, the NHVH exerts
significantly higher forces than the NHH. Trimming also plays a key role, as seen with the
NHZ aligner, which exerts lower forces compared to models with higher gradient designs.
Similarly, the scalloped-trimmed thermoformed aligner exerts much lower forces than
other aligners tested.
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Table 5. Initial stress values, final stress values, stress decay, and a comparison of strength decay
among aligners tested on element 2.6, assessed using the independent sample Kruskal–Wallis test.

Material Point
Initial
Force
(N)

Final
Force
(N)

Stress
Relaxation
(%)

Mean Median SD 25th
Percentile

75th
Percentile p-Value

AS

Gingival 3.3 2.0 39.4

39.0 39.4 5.5 33.3 44.2

0.284

Middle 7.2 4.8 33.3

Incisal 9.5 5.3 44.2

F22

Gingival 8.2 5.3 34.6

35.9 36.4 1.1 34.6 36.6Middle 11.0 7.0 36.4

Incisal 12.3 7.8 36.6

NHH

Gingival 11.2 6.2 44.6

39.0 38.5 2.6 36.7 41.9Middle 11.8 7.8 34.4

Incisal 13.2 8.8 33.3

NHVH

Gingival 11.7 6.8 41.9

37.4 34.4 6.2 33.3 44.6Middle 14.7 9.2 36.7

Incisal 18.2 11.3 38.5

NHZ

Gingival 7.2 3.5 51.4

45.4 47.0 6.9 37.9 51.4Middle 10.0 5.3 47.0

Incisal 13.2 8.2 37.9

NHVH (NOXI Horizontal Vertical High); NHH (NOXI Horizontal High), NHZ (NOXI Horizontal Zenith), F22
(straight gingival margin—cut at the zenith); AS (scalloped gingival margin); SD, standard deviation.
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Figure 6. (a) Mean decay curve recorded at the gingival level of tooth 2.6; (b) mean decay curve
recorded at the middle level of tooth 2.6; (c) mean decay curve recorded at the incisal level of tooth
2.6. The X-axis represents time in hours, and the Y-axis represents force in Newtons.

A comparison of force between the incisors (1.1) and molars (2.6) revealed significant
differences (p-value < 0.001) for all measurement points and aligners. The effect size of
these differences, measured using Cohen’s d, was strong (d > 0.8) in most cases. However,
there were two exceptions where the force on the incisors was greater than on the molars:
the incisal/occlusal point with the “festooned cut” aligner and the incisal/occlusal point
with the “high horizontal gradient” NOXI aligner.

The comparison using the independent samples t-test between incisors and molars is
taken as a reference, utilizing the lowest effect size (0.197). Given this value, a significance
level of 0.05 and a sample size of 10,752 per group, a statistical power of >0.99 is achieved.

4. Discussion
Orthodontic aligners provide an aesthetic alternative to fixed braces, although they

are not completely invisible. Among the latest innovations is NOXI (Sweden & Martina,
Due Carrare, Padova, Italy), made of polyamide (PA) by 3D printing, designed to be used
only 12 h a day, especially at night. This feature improves compliance, patient comfort, and
reduces the social and functional problems associated with continuous use [20]. Studies
such as that of Kameyama T. et al. highlight the effectiveness of intermittent orthodontic
forces, suggesting that breaks of 4–9 h do not compromise tooth movement and reduce
root resorption [21,22]. A recent study compared two different aligner usage protocols and
their effect on crevicular fluid. Ten patients participated in a split-mouth study, where one
side was treated with the conventional protocol of 20 h per day while the other hemiarch
followed a protocol of only 12 h per day for 14 days. Inflammation and crevicular fluid
levels were measured, showing an increase in both groups immediately after applying
orthodontic force. No statistically significant differences in inflammation or fluid quantity
were observed between the two hemiarches. Additionally, overlaying the models using
Geomagic X Control software revealed no statistically significant differences in linear
measurements (mm) between the two hemiarches. This was one of the first studies to
compare protocols with reduced hours while maintaining the same duration in days. The
findings showed that the accuracy of the NOXI aligner was slightly lower (64.2%) compared
to the F22 aligners (65.4%). Mesiodistal and vestibulolingual tipping movements were
found to be the most predictable in both groups. For these movements, as well as for the
increase in inter-canine and inter-molar diameters, no statistically significant differences
were observed between the groups. Therefore, the use of the NOXI aligner proves to be a
valid alternative to the traditional F22 aligner [23].
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The selection of gingival margin designs and thicknesses for the aligners in this study
was carefully considered to ensure clinical relevance and facilitate meaningful comparisons
across commonly used configurations in orthodontic practice. The chosen designs and
thicknesses were guided by both clinical evidence and the need to explore biomechanically
effective aligner configurations.

For NHVH and NHH, the straight margin cut 2 mm above the gingival zenith was
selected based on the findings of Cowley et al. [24]. Their study demonstrated that this
margin design offers the highest retention forces among different margin styles. Specifically,
they concluded that “the most retentive aligner design uses a straight margin cut 2 mm above
the gingival zenith” and emphasized that “straight gingival margins reduce the flexibility of a
thermoformed aligner, thus improving retention and the ability to perform more complex movements
and to express more tooth movement”. This design ensures enhanced mechanical stability and
facilitates effective and precise orthodontic forces.

The NHZ aligner, as well as the F22 and AS thermoformed aligners, were selected to
represent scalloped and zenith-cut geometries, which are among the most frequently used
designs in commercially available aligners. Including these margin styles allows for a mean-
ingful comparison of biomechanical performance across widely adopted configurations in
clinical practice.

Regarding thickness, the AS and F22 aligners were fabricated with a uniform thickness
of 0.76 mm. For the NOXI aligners, however, the thickness is not uniform but ranges from
0.65 mm to 0.96 mm. This range was specifically designed to provide differential thickness
gradients, optimizing force distribution across the dental arch. Despite this variability, the
average thickness of 0.76 mm serves as a central reference.

The thickness of 0.76 mm was chosen after conducting several preliminary in vitro
studies to determine the most suitable thickness. These studies evaluated various config-
urations and identified 0.76 mm as the optimal choice, as it provides a balance between
maintaining appropriate orthodontic forces and ensuring patient comfort. This conclusion
is supported by the findings of Cremonini et al. [25] who demonstrated that this thickness
allows for effective stress relaxation properties while retaining sufficient force application
over time.

By designing the NOXI aligners with thickness gradients centered around this 0.76 mm
average, the study aimed to explore the advantages of differential thickness in achieving
biomechanically optimal force distributions. This approach complements the use of uni-
form thickness in the AS and F22 aligners, enabling a robust comparison of different
design strategies.

The NOXI design incorporates differentiated thicknesses and the configuration chosen
takes into account the anchorage value, which varies according to the root surface and the
natural dissipation of force in the terminal portions of the arch [16]. The increased thickness
at the gingival edge amplifies the force where needed, ensuring effective and customizable
distribution. Three-dimensional printing and the properties of PA allow the force to be
calibrated as needed, eliminating the need for attachments and improving aesthetics. The
material maintains a constant force intensity due to reduced stress relaxation, making NOXI
an aligner that combines targeted forces, aesthetics, and limited daily use, overcoming the
limitations of traditional aligners [25].

The introduction of NOXI represents an innovative solution addressing some of the
main challenges highlighted in the current literature on clear aligners. A recent study ana-
lyzing Instagram content explored patient experiences with clear aligner therapy, emphasiz-
ing that key discomforts are associated with aesthetic issues (e.g., visibility of attachments),
difficulties in speaking and eating, and the pain related to continuous aligner wear [26].
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With its design tailored for nightly use, limited to 12 h per day, NOXI significantly
reduces the social and functional impact of treatment compared to traditional 20–22 h daily
protocols. This feature directly addresses patients’ needs for comfort and quality of life,
minimizing disruptions in daily activities. Additionally, the attachment-free design, made
possible by the advanced mechanical properties of polyamide (PA), enhances aesthetics
and increases patient acceptance of the treatment—a critical factor for compliance.

The Instagram study also highlighted how the initial phase of treatment is often
accompanied by high aesthetic and functional expectations, which may diminish during
the treatment phase due to pain or operational difficulties [26]. The use of materials such
as PA in NOXI, with high elastic memory and stress stability, helps mitigate these issues by
ensuring consistent and predictable orthodontic forces even after extended periods. These
clinically relevant aspects of NOXI, combined with reduced wear time and the elimination
of attachments, demonstrate its potential to significantly improve patient comfort and
satisfaction, making orthodontic treatment less invasive and more aligned with individuals’
social and personal needs.

The aim of this in vitro study was to compare the initial and final force values of three
types of NOXI aligners, characterized by different thicknesses and gingival margin cuts,
with two types of thermoformed aligners made of the same material and thickness but with
different gingival margin cuts. In this study, to simulate oral cavity conditions, the aligners
were fully immersed in a humid environment at 37 ◦C and subjected to constant loading
for 3 h. The stress within thermoplastic materials induced by the initial deformation tends
to cause a deterioration of the mechanical properties over time, as these materials are
viscoelastic [27]. This phenomenon, known as stress relaxation, leads to a further loss of
a thermoplastic’s ability to move a tooth over time, making the prediction of orthodontic
forces and tooth movement much more challenging [5].

The force analysis on the upper central incisors showed significant differences between
the various points analyzed. At the gingival and middle points, NHVH recorded the highest
forces, followed by NHH, F22, NHZ, and finally AS, which showed significantly lower
values. The design with horizontal and vertical thickness gradients of NHVH proved
particularly effective in concentrating the force in the gingival areas, where it tends to
dissipate the most. At the incisal point, NHH exerted the highest force (16.3 N), followed
by NHVH (14.7 N), a small but statistically significant difference. The NHZ and AS aligners
showed lower forces, with AS being significantly less effective. The aligner shear also
influences these results: the NHZ aligners exert lower forces than the other NOXI aligners,
particularly at the gingival point, probably due to the geometry of the zenithal shear, which,
while maintaining a uniform force, does not reach the initial intensity of other models. The
cutting difference is also evident when comparing the two thermoformed aligners, as the
straight-cut aligner exerts significantly higher forces than the scalloped-cut aligner.

To better understand the force dissipation observed in the gingival regions and the
differences between aligners, it is important to consider the biomechanical behavior of
aligners during thermoforming. As highlighted in the study by Palone et al. [28], aligners
typically exhibit a greater gap at gingival areas compared to occlusal or incisal points after
thermoforming procedures. This phenomenon can be attributed to the stretching behavior
of the plastic material, which is more pronounced in the tapered anterior regions and at
the gingival level during manufacturing. Consequently, the force transmission in these
areas is less efficient due to greater dissipation across the larger gap. Conversely, at the
occlusal and incisal points, where the aligner fits more closely to the tooth surface, forces
are more concentrated and thus more effective in inducing tooth movement. These findings
align with the results of the present study, which confirmed that the highest average forces
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are observed at the incisal/occlusal points, followed by the middle point, and finally the
gingival point, further demonstrating the greater dissipation of force in the gingival region.

Comparing the results with the study by Hertan et al. [29], it appears that 3D-printed
aligners made of polyamide (PA) perform very differently from those made of Tera Harz
TC-85. Hertan found that 3D-printed aligners produce 77% lower forces than thermoformed
ones for peak force and almost 90% lower for stabilized force. The superiority of PA over
Tera Harz TC-85 in this study suggests that the mechanical properties of the material
significantly influence the ability to generate and maintain orthodontic forces.

In the present study, at the gingival and middle points of the molar, the NHVH aligner
exerts a significantly higher force, followed by NHH, F22, NHZ and finally AS, which shows
the lowest force values. Given the similar values, Cohen’s D was calculated at the occlusal
point between the NHZ aligner and the F22 aligner. The resulting value is relatively low
(0.075), indicating that the relationship is statistically significant but negligible. Therefore,
it can be concluded that the force exerted by F22 and NHZ is almost equivalent.

An important observation concerns the force distribution between the different align-
ers. While the thickness of the incisors varies between the NOXI models, they all show
a uniform thickness of 0.95 mm in the molars. Despite this uniformity, the models show
different forces on the molars, which can be explained by the structural design: different
thicknesses in the anterior section also influence the force in the posterior areas. For ex-
ample, NHVH generates greater forces than NHH, despite having the same thickness in
the molars, due to its horizontal and vertical gradients. NHZ, on the other hand, despite
having the same thickness as the other models in the molars, exerts lower forces, such as
thermoformed scalloped aligners, which produce significantly lower forces. In summary,
the NOXI configuration responds to the biomechanical requirements of incisors and molars,
ensuring effective force distribution for orthodontic movement.

The average force was higher on molars than on incisors for all aligners and measur-
ing points, with some exceptions: scalloped cut models and NOXI models with a high
horizontal gradient showed lower values on molars. This finding is consistent with that
described by Proffit et al. [21], according to whom, molars, having a larger root surface,
require more intense forces for orthodontic movement. The NOXI configuration, with
increased thicknesses of up to 1 mm in molars, addresses this biomechanical need.

With the advent of 3D printing, concerns about mechanical material properties, chemi-
cal stability, and technical processes have emerged [30,31]. Can et al. [32] found that the
mechanical properties of 3D-printed aligners did not deteriorate after one week of intraoral
use, while Lee et al. [33] observed more stress relaxation than aligners thermoformed in
PET-g at 37 ◦C. A subsequent study on 3D-printed materials, Material X (Envisiontec,
Inc; Dearborn, MI, USA), and OD-Clear TF (3DResyns, Barcelona, Spain) showed that
the residual stress after 2 h of 2% deformation was less than 10%, indicating a significant
reduction in the initial stress, speculating that longer tests would further reduce stress [34].
Cremonini et al. [23] compared thermoformed aligners, Zendura FLX (Bay Materials LLC,
Fremont, CA, USA) and Duran (SCHEU, Iserlohn, Germany), and 3D-printed aligners, Tera
Hartz TC-85 (Graphy Inc., Seoul, Republic of Korea) and polyamide (PA, Sweden&Martina,
Due Carrare, Padova, Italy), by subjecting them to stress relaxation tests for 8 h at 37 ◦C and
controlled humidity. The results showed significant differences between Tera Hartz TC-85
and PA; the former showed the lowest stress relaxation values, with a decay from 90% to
100% in both tests. The PA aligners were characterized by a greater ability to maintain
strength, with 32% relaxation in test 1 and 23% in test 2, compared to the thermoformed
aligners, values that were, however, lower than Duran and Tera Hartz TC-85. In the current
study, the different aligners showed no significant differences in stress relaxation, main-
taining stable and constant forces comparable to those of existing aligners but with higher
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initial forces. This stability ensures controlled orthodontic movement, reduces the risk of
microtrauma, and improves patient comfort [20]. Discrepancies with previous studies can
be attributed to differences in materials, molds, and methodologies used.

This study provides valuable insights into the force application of different aligners,
particularly NOXI, on the upper central incisor and first molar. Although NOXI exhibited
higher force values in vitro, further clinical studies are needed to determine its actual
effectiveness in patient treatment.

The introduction of PA material and differentiated thicknesses enabled the develop-
ment of aligners capable of exerting greater forces than traditional thermoformed aligners.
While this could potentially compensate for the reduced wear time, its impact on tooth
movement remains to be clinically validated. Additionally, aligner performance in real-
world conditions may differ from in vitro simulations. This study was conducted at a
constant temperature of 37 ◦C, without considering potential temperature fluctuations in
the oral cavity.

Moreover, while repeated measurements improved force estimation, they do not re-
place the need for a larger number of independent aligners. Future research should focus on
increasing the sample size and assessing force retention over extended periods to enhance
generalizability. Longitudinal in vivo studies will be essential to further understand the
long-term mechanical behavior of NOXI aligners.

5. Conclusions
The analysis of the initial and final force values from the three types of NOXI aligners,

each characterized by different thicknesses and cutting margins, alongside the thermo-
formed aligners with varying cutting configurations, led to the following findings:

• The NOXI aligner with both horizontal and vertical gradients and a high margin
exerted the greatest overall force, particularly at the gingival point where force dissi-
pation was most evident. It was followed by the NOXI with a horizontal gradient and
a high margin.

• No statistically significant differences in stress relaxation were observed among the
five aligners tested.

• For aligners of the same thickness, the height of the margin significantly influenced
the force exerted.

• The force applied was greater at the upper first molar than at the upper central incisor.

These results demonstrate the effectiveness of the different aligners in generating or-
thodontic forces on both the upper central incisor and first molar. The comparison between
various NOXI models reveals the importance of structural features such as thickness gradi-
ents and margin types in optimizing force application for specific areas. The NOXI aligner
exhibits a different force application profile, which may influence mechanical performance
compared to conventional aligners worn for 20–22 h per day.
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