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Abstract: Aim: Polyurethane-based aligners, created through photoinitiated free-radical polymer-
ization, have been the subject of numerous studies focusing solely on their mechanical properties.
In contrast, we investigate their thermomechanical properties, which are crucial for their efficacy.
This paper aims to investigate the effects of different UV light exposure durations on the complex
modulus of elasticity, tan delta, glass transition temperature, and the degree of conversion (DC).
Methods: Aligners were printed using Tera Harz TC-85 and NextDent Ortho Flex resin with specific
exposure times (2, 2.4, 3, 4, and 4.5 s for Tera Harz; 5, 6, 7, and 8 s for NextDent) and processed per
manufacturer guidelines. The degree of conversion was analyzed using Attenuated Total Reflectance
Fourier Transform Infrared (ATR-FTIR) spectroscopy, while Dynamic Mechanical Analysis (DMA)
characterized the mechanical properties (complex modulus and tan delta) and the glass transition.
Results: Tera Harz TC-85 showed a higher degree of conversion (90.29-94.54%), suggesting fewer
residual monomers, which is potentially healthier for patients. However, its lower glass transi-
tion temperature (35.60-38.74 °C) might cause it to become rubbery in the mouth. NextDent Orto
Flex, with a higher storage modulus (641.85-794.55 MPa) and Tg (49.36-50.98 °C), offers greater
rigidity and stability at higher temperatures (greater than temperature in the oral cavity), ideal
for orthodontic forces, though its lower degree of conversion raises health concerns. Conclusions:
Tera Harz TC 85 generally achieves higher DC and more stable polymerization across different UV
exposure times than NextDent Orto Flex. Optimal polymerization times significantly impact both the
mechanical and thermal properties of these dental resins, with NextDent showing optimal properties
at 7 s and Tera Harz benefiting from both very short and extended exposure times.

Keywords: aligners; 3D printing; Fourier Transform Infrared spectroscopy; dynamic mechanical analysis

1. Introduction

Aligners, particularly those made from polyurethane, are popular in orthodontics for
their aesthetic appeal and comfort compared to traditional fixed orthodontic treatment,
which includes brackets and wires [1]. These clear, removable devices gradually move
teeth into their desired positions using a series of custom-made aligners, each slightly
different from the previous one [2]. The effectiveness of aligners depends significantly on
their material properties, which must balance rigidity to exert adequate force and flexibility
for patient comfort [3]. The production of clear aligners generally falls into two categories:
thermoforming and 3D printing. Thermoforming involves heating a polymer sheet to
make it flexible, then shaping it over a dental model to create the aligner. This technique
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utilizes thermoplastic resin polymers, including materials like poly(vinyl chloride) (PVC),
poly(ethylene terephthalate) (PET), poly(ethylene terephthalate glycol) (PETG), and thermo-
plastic polyurethane (TPU). In contrast, 3D printing, also known as additive manufacturing,
constructs the aligner by adding material layer by layer from a digital model. These aligners
are typically made from polyurethane-based materials, selected for their combination of
clarity, durability, and flexibility—key factors needed for applying consistent force to reposi-
tion teeth. Polyurethane, in particular, stands out for its excellent mechanical properties and
the comfort it provides to patients [3-5]. Three-dimensional printing has revolutionized
the production of aligners, allowing for precise customization and rapid production [6].
Photocurable resins are categorized into two primary types based on their polymerization
mechanisms: photoinitiated free-radical polymerizations and photoinitiated cationic poly-
merizations [7]. Free-radical polymerizations include the polymerization of acrylates, while
cationic polymerizations encompass the polymerization of epoxides, lactones, and vinyl
ethers, which are not affected by radicals. A significant advantage of cationic polymeriza-
tions is their resistance to atmospheric oxygen, unlike free-radical polymerizations, which
suffer from oxygen inhibition where radicals are lost to oxygen [7]. Polyurethane-based
aligners, made by photoinitiated free-radical polymerization, have been the subject of
numerous studies focusing on their mechanical and thermal properties, which are crucial
for their efficacy in orthodontic applications [8]. Previous in vitro research has shown
that manufacturing and post-processing conditions, such as UV light exposure during
manufacturing, rinsing, and polymerization in a different environment, as well as the use of
different 3D printers, affect the mechanical properties of 3D-printed aligners [9-15]. These
investigations aim to optimize the aligners’ performance by understanding the impact of
factors like UV curing during post-processing on their structural integrity and longevity.
However, the mechanical properties of the aligner material, influenced by factors such as
UV curing during 3D printing, play a critical role in their overall performance and durabil-
ity [16]. It is important to note that while UV light exposure in the post-processing phase
has been studied, the effect of UV exposure on the layers during the 3D printing process
has not yet been investigated thoroughly. The mechanical properties of polyurethane-based
aligners are critical for their performance and longevity in orthodontic treatments, as they
determine the aligners’ ability to maintain shape, resist deformation, and perform under
stress [17,18]. Several 3D printing parameters, including the type and intensity of UV
light used during curing, the duration of UV exposure, the printing temperature, and
post-processing conditions, significantly impact the mechanical and thermal properties
of the aligners [19-21]. The modulus of elasticity, which is the measure of the stiffness of
the aligner material, is crucial for the aligners to apply the necessary orthodontic forces
while maintaining flexibility for comfort [8]. Generally, UV exposure can lead to photo-
degradation and photo-oxidation, impacting the modulus of elasticity, with initial exposure
increasing the modulus. Still, prolonged exposure potentially reduces it due to material
degradation [22,23]. Tan delta, a measure of the damping properties and viscoelastic be-
havior of the material, is also influenced by UV exposure [24]. This parameter is critical
for understanding how the aligners dissipate energy as heat. UV exposure increases tan
delta, indicating more energy dissipation, but extended exposure may decrease it due to the
material becoming more brittle [25,26]. The transition temperature, particularly the glass
transition temperature (Tg), signifies the temperature at which the polymer transitions from
a hard, glassy state to a soft, rubbery state [27,28]. A suitable Tg is essential for aligners to
perform effectively across various temperatures [8]. UV light exposure, especially its energy
density and power density, can lower the Tg by increasing the degree of cross-linking and
reducing chain mobility [29-31]. Understanding the effects of UV exposure on Tg helps in
designing aligners that maintain their properties under different environmental conditions
in the oral cavity. The degree of conversion (DC) reflects the extent to which monomers
have transformed into polymers during the curing process. A higher degree of conversion
typically results in better mechanical properties and chemical resistance of the aligners [11].
UV exposure affects the DC, with higher intensity and longer exposure times generally



Appl. Sci. 2024, 14, 9580

30f13

increasing the DC. However, excessive exposure can lead to over-curing or degradation,
which may negatively impact the DC, resulting in compromised mechanical properties [29].
Proper control of UV exposure is necessary to achieve an optimal balance, ensuring the
aligners have the desired mechanical properties without compromising their structural
integrity. This paper aims to investigate the effects of different UV light exposure durations
on the modulus of elasticity, glass transition temperature, tan delta, and the degree of the
conversion of polyurethane-based aligners. By understanding these relationships, we can
optimize 3D printing parameters to enhance the performance and durability of orthodontic
aligners, ensuring they meet the required standards for effective orthodontic treatment.

2. Materials and Methods
2.1. Sample Preparation

Aligner samples 1 mm X 3 mm x 12 mm (thickness x width x length) were printed
using Tera Harz TC-85 resin (Graphy, Seoul, Republic of Korea) and NextDent Ortho Flex
(Vertex-Dental B.V., Soesterberg, The Netherlands). Exposure times of 5, 65, 7 s, and
8 s for NextDent and 2s,24s,3s,4 s, and 4.5 s for Tera Harz were used. These resins,
intended for use in the digital light processing method, were printed in consecutive layers
of a nominal thickness of 100 pm. The printing was carried out on a SprintRay Pro 95
(SprintRay, Los Angeles, CA, USA). Post-processing and post-curing were carried out as
proposed by the manufacturer, which includes centrifuging 2x for 5 min and post-curing
for 20 min in the Tera Harz Cure THC2 (Graphy, Seoul, Republic of Korea). Samples with
an exposure time of 7 s were considered the control group for NextDent Orto Flex, while
for the Tera Harz TC-85 resin control group was 4 s, as proposed by the pilot study. For
each group, 10 samples were prepared (in total, 90 samples).

2.2. Material Identification and Degree of Conversion

Fourier Transform Infrared Spectroscopy (FTIR) coupled with the Attenuated Total
Reflectance (ATR) technique was used to identify the resins in both liquid and polymerized
forms, and changes in their spectra were used to determine the polymerization effect or
the degree of conversion. Aligner samples were measured at 10 positions of the outer
layers and 5 in the inner layer and then directly analyzed on a Bruker ALPHA ATR-FTIR
spectrometer (Bruker, Ettlingen, Germany) with a diamond as the single reflection element
under standard analysis conditions (wavenumber range 4000-400 cm™, resolution 4 cm™!,
10 scans per spectrum). The Savitzky—Golay algorithm was used to process the spectra and
improve the signal-to-noise ratio as needed. The degree of conversion (DC) is calculated
from the following equation:

DC(O/O) = (ALR — AP)/ALR x 100

where Ajr and Ap are the absorbance intensities in liquid resins and after polymerization,
respectively. Absorbance intensities are automatically generated from derivative spectra by
the Bruker OPUS 8.8 software.

2.3. Characterization of Material Structure and Glass Transition

Dynamic Mechanical Analysis (DMA) was used to characterize the structure of 3D-
printed polyurethane-based aligners. The tests were conducted on a TTDMA (Triton
Technology/Mettler Toledo, Columbus, OH, USA). DMA is the most sensitive known
method for tracking changes in material structure [32]. The mentioned TTDMA device
can conduct measurements with a frequency from 0.001 to approximately 500 Hz, over
a temperature range of —190 °C to 600 °C. For project purposes, testing was conducted
at a frequency of 1 Hz to facilitate comparison with literature-published data, and the
temperature interval was determined according to the needed material characteristics, 20
to 100 °C. This method measures the damping of mechanical vibrations due to a phase
shift & between stress and strain (loss factor, tan §) in the material over a specified tempera-
ture range during constant heating and/or cooling rate, and the corresponding complex
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modulus of elasticity E* = E' + iE”. The complex modulus is time or frequency dependent
and consists of a real component E’, which is the storage modulus, and the imaginary
component E”, which is the loss modulus. The former represents the energy stored in the
material during the dynamic loading, and the latter represents the dissipated energy. The
loss factor tan & is equal to the ratio of E” /E’. In the case of pure elastic behavior, the storage
modulus equals the elastic modulus and the 5 is equal to zero. Although the E’ is time
dependent, it is comparable to the elastic modulus measured at the tensile test machine and
is a useful parameter for the characterization of the materials. During dynamic loading,
deformation amplitudes are very small to assure anelastic behavior, i.e., there is not any
plastic deformation of materials, and the cycle can be repeated several times if justified [33].
Any change in structure is reflected in the mechanical spectrum. At low temperatures,
changes in the part of the structure with high eigenfrequencies, such as rotations of side
groups, are monitored, while at higher temperatures, changes in whole chains or segments
of polymer chains are tracked, allowing a precise monitoring of the glass transition. Testing
was conducted on printed specimens in the form of a cuboid, with a maximum width of
3 mm, a thickness of 1 mm, and a length of 12 mm. The distance between the clamps was
7.5 mm. Due to the complexity of measurements and the detailed analysis of results, the
justification for repeating cycles was determined based on the results of the first cycle for
individual samples. Although the DMA method is sensitive to changes in the material, it
requires measurements on samples of defined dimensions and sufficient rigidity, thus it is
limited to temperatures below the melting point.

2.4. Sample Size

To ensure robust statistical analysis through two-way ANOVA, the required sample
size to detect a small effect size (f = 0.25) with an « error probability of 0.05 and a power of
80% was calculated. Calculations showed a required sample size of 10 per group to achieve
the desired power.

2.5. Statistical Analysis

The statistical analysis aimed to investigate the storage modulus (E’), glass transition
temperature (Tg), and the degree of conversion (DC) across different brands and UV
exposure groups. QQ plots, the Shapiro-Wilk test, and calculations of skewness and
kurtosis were used to check the normality of the data. The Mann-Whitney U test was
utilized to compare the E’, Tg, and DC between different brands due to its robustness
against non-normal data distributions. For comparisons among the various UV exposure
groups, the Kruskal-Wallis test followed by the post hoc Dunn test was employed. To
assess the relationships among E/, Tg, and DC, the Spearman rank correlation was used,
due to non-linear relationships. All statistical analyses were performed using the IBM SPSS
Statistics software, version 29.0.1.0 (IBM, New York, NY, USA), with a p-value of less than
0.05 considered statistically significant for all tests.

3. Results
3.1. Degree of Conversion (DC)

FTIR spectra of liquid (resin) and polymerized NextDent Ortho Flex and Graphy
material are shown in Figure 1, while the spectra of Tera Harz TC-85 resin are described in
detail in previous studies [11,15]. The spectrum of the liquid sample of NextDent Ortho
Flex material indicates a complex mixture of initial monomers, where the vibrational bands
of methacrylate can be distinguished, which are more abundant compared to the spectrum
of the liquid Tera Harz TC-85 material (Table 1). The presence of the carbonyl group is
indicated by a stretching vibration at 1715 cm !, followed by a medium absorption with a
maximum at 1650 cm~!, which is contributed by the stretching vibration of the aliphatic
C=C group visible as a slightly pronounced shoulder at 1638 cm~!. The presence of an
aliphatic C=C group is also proven by an additional band at 1617 cm~! as well as the
sharp band of twisting vibrations at 810 cm~!. Symmetric and antisymmetric deformations
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and the stretching of methyl and methylene groups are visible as medium bands in the
range ~1500-1350 cm ! and ~3000-2820 cm !, respectively. Below 1350 cm~!, many strong
C-C-O and C-O-C stretching vibrations can be seen. Absorption bands at 980 cm ™! and
847 cm~! have been attributed to the C-H rocking and skeletal C-C stretching mode, while
maxima at 754 cm ! (aromatic C-H wagging) and 693 cm ™! (the bending of the aromatic
ring) imply the presence of aromatic functional groups that are significantly smaller in the
Tera Harz TC-85 material [34,35].

1715
2950 5850 1650 1407 980

810
o 1522 754

693

2941 4718
22 1643

3343 8 10
1522 754
8 693

1720

Absorbance

1407 984

2860 810
e 22 1635
1525 754
c) 693

1724 984
2944 2860
3343 810
1524 -

D) 693

3900 3400 2900 2400 1900 1400 900 400

Wavenumber (cm")

Figure 1. FTIR spectra (A) NextDent Orto Flex resin, (B) NextDent Orto Flex printed, (C) Tera Harz
TC85 resin, and (D) Tera Harz TC85 printed.

Table 1. FTIR peak identification for the NextDent Orto Flex resin.

Wavenumber (cm—1) Vibration
3343 v N-H
2941 vas C-H (CH,, CH3)
2859 vs C-H (CH,, CHj3)
1715 v C=0 (ester)
1650 v C=0 (amide)
1638 v C=C
1617 v C=C
1522 5 N-H
1407 5 CH,

v C-0-C
~1350-1000 v C_C-O
980 o C-H
847 v C-C
810 Stw C=C
754 dwg C-H (aromatic)
693 b aromatic ring

Abbreviations: v = stretching, 6 = bending, s = symmetric, as = asymmetric, rc = rocking, tw = twisting, and
wg = wagging.

The spectra also contain absorption features associated with N-H stretching (3343 cm ')
and bending vibrations (1522 cm™1) as a characteristic of urethane compounds. The differ-
ences in the FTIR spectra of the initial mixture and the polymerized material are primarily
visible through the loss or diminishing of the bands mainly related to the C=C bonds (1617,
810 cm 1) and C-H and C-O bonds (1407, 1322, 1297 cm ™}, etc.) in the monomers, which
can be used, more or less successfully, to monitor the extent of polymerization. In this
paper, according to the previous study, the degree of conversion for both resin materials
was determined by a peak at 810 cm ™!, originating from twisting vibrations of carbon—
carbon methacrylate double bonds [11]. To enhance the resolution of the chosen band and
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eliminate possible baseline shifts between samples, the Savitzky—Golay algorithm (second
derivative with nine smoothing points) was applied. The DC is presented in Figure 2.

NextDent Orto Flex Tera Harz TC 85

SR

100.0

.

90.0

85.0 H
80.0 :
75.0

DC (%)

700

65.0

5s 6s 7s 8s | 2s 24s 3s 4s 45s

Time of UV exposure

Figure 2. Degree of conversion (DC, %).

The DC was analyzed for two brands, NextDent Orto Flex and Tera Harz TC 85,
under varying durations of UV exposure. For NextDent Orto Flex, the DC values were
significantly lower at 5 s (p = 0.003), 6 s (p < 0.001), and 8 s (p < 0.001) compared to the
control at 7 s (Median = 97.55%). This indicates that the optimal polymerization time for
NextDent Orto Flex is 7 s, with both shorter and longer exposures resulting in reduced DC.
For Tera Harz TC 85, the DC values were significantly different at 2 s (p = 0.004) compared
to the control at 4 s (Median = 91.28%). The exposure times of 2.4 s, 3 s, and 4.5 s did not
show significant differences from the control. This suggests that Tera Harz TC 85 maintains
a relatively stable DC around the 4 s exposure time, with 2 s showing a higher DC. Overall,
Tera Harz TC 85 exhibited higher DC rates than NextDent Orto Flex across the tested
exposure durations, indicating better polymerization efficiency.

3.2. Storage Modulus (E')

The test results indicated a statistically significant difference in the distribution of E’
between the brands (Mann-Whitney U = 0.0, Wilcoxon W = 1275.0, Z = —8.12, p < 0.001),
which indicates that NextDent exhibits higher values across all times compared to Tera
Harz. When considering the 7 s polymerization time as the control group of NextDent,
the analysis shows that the E’ at 5 s and 6 s polymerization times is significantly lower
compared to the control. Specifically, the differences occur between the 5 s and control
(p = 0.001) and between the 6 s and control (p = 0.001). In contrast, the difference between
the 8 s and control polymerization times is not significant, indicating that the storage
modulus for 8 s is comparable to that of the control. Thus, shorter polymerization times (5 s
and 6 s) result in a significantly lower elastic modulus, while the longer polymerization time
(8 s) does not differ significantly from the control. When comparing the storage modulus
of different polymerization times to the 4 s control for Tera Harz TC-85, no significant
difference is observed between the 3 s and 4 s times. The 2.4 s time shows no significant
difference from the 4 s control after adjustment. However, significant differences are found
between the 4 s control and both the 2 s and 4.5 s polymerization times, with these shorter
and longer times having significantly higher storage modulus values compared to the 4 s
control (Figure 3).
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NextDent Orto Flex
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Figure 3. Storage modulus (MPa).

3.3. Glass Transition Temperature (Tg)

There is a statistically significant difference in the distribution of the Tg across the
different resin brands, with NextDent being higher. The Tg values of NextDent for the 7 s
and 8 s polymerization times are similar. Significant differences were observed between
the 7 s and both the 6 s and 5 s times, with the Tg at 7 s being lower. On the other hand, the
Tera Harz TC-85 Tg values for the 2's, 2.4 s, and 3 s polymerization times are similar to the
4 s control. However, the Tg for the 4.5 s time is significantly higher than the 4 s control
(Figure 4).

Correlation analysis among three variables: storage modulus, glass transition temper-
ature, and the degree of conversion presented that there is a strong and significant positive
correlation between the E' and Tg (Spearman’s rho correlation coefficient 0.693, p < 0.001),
indicating these properties tend to increase together. There is a moderate and significant
negative correlation between Tg and DC (rho —0.485, p < 0.001), suggesting that higher Tg
is associated with lower DC. The correlation between E’ and DC is weak and not significant
(rho —0.187, p = 0.077) (Table 2).

Table 2. Correlation analysis (** correlation is significant at the 0.01 level (2-tailed)).

E Tg DC

- igg?llzte‘fé‘ 1.000 0.693 ** ~0.187

(p value) . <0.001 0.077




Appl. Sci. 2024, 14, 9580 8 of 13

Table 2. Cont.

E/ Tg DC
- Correlation 0.693 ** 1.000 —0.485 **
g coefficient
(p value) <0.001 . <0.001
Correlation .
DC coefficient -0.187 —0.485 1.000
(p value) 0.077 <0.001

S50 NextDent Orto Flex Tera Harz TC 85

525 é
500

450

{-@ﬁ

425

Tg°C

400 :
375 — é
35.0 :

5s 6s 7s 8s ' 2s 24s 3s 4s 45s

UV exposure time

Figure 4. Glass transition temperature (°C).

4. Discussion

Taking into consideration the above mentioned, our study reveals significant differ-
ences in the degree of conversion between two dental resin brands, NextDent Orto Flex and
Tera Harz TC-85, under varying UV exposure durations while printing. For the NextDent
Orto Flex, the optimal polymerization time was found to be 7 s, as both shorter (5 and 6 s)
and longer (8 s) exposures resulted in significantly lower DC. This decline in DC at non-
optimal exposure times can be attributed to insufficient cross-linking at shorter durations
and the potential degradation of the photoinitiators or polymer matrix at longer dura-
tions. These results align with previous findings that excessive UV exposure can degrade
photoinitiators and cause oxygen inhibition, leading to incomplete polymerization [36,37].
Conversely, Tera Harz TC 85 maintained relatively stable DC values around a 4 s exposure,
with only the 2 s exposure showing a significant difference. This stability indicates that
Tera Harz TC 85 has a more robust photoinitiation system that efficiently initiates poly-
merization even at shorter exposure times without detrimental overexposure effects. The
higher overall DC rates for Tera Harz TC 85 compared to NextDent Orto Flex could be due
to a more effective photoinitiator or a formulation that better resists the negative effects of
UV overexposure, such as thermal degradation and oxygen inhibition [38,39]. However,
numerous strategies have been suggested in the literature to mitigate oxygen inhibition
in photopolymerizations [37,40,41]: (1) increasing the light dose or intensity, (2) raising
the photoinitiator concentration, (3) employing co-initiators, (4) adding radical scavengers,
(5) conducting the process in an inert environment, and (6) utilizing chemical mechanisms
such as thiol-ene and thiol-acrylate-Michael systems, which are less sensitive to oxygen.
The differences in the degree of conversion and their response to UV exposure duration
highlight the importance of optimizing curing parameters for different materials to achieve
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the best polymerization outcomes. These findings are consistent with the earlier studies
that show that both the duration of UV exposure and the formulation of the photoinitiator
system play crucial roles in determining the final mechanical and thermal properties of
photopolymerized materials [42,43]. The storage modulus (E’) is a critical parameter for
evaluating the stiffness and rigidity of polymer-based dental resins, directly influencing
their performance and durability in dental applications. NextDent generally exhibits higher
E’ values compared to Tera Harz, indicating that it forms a stiffer material. The presence of
aromatic functional groups in NextDent, indicated by maxima at 754 cm ! and 693 cm ™!
(aromatic C-H wagging and the bending of the aromatic ring), indicates enhanced rigidity
due to the planar structure and strong intermolecular interactions (7-7t interactions) of
these groups [44]. In contrast, Tera Harz TC 85 has significantly fewer aromatic groups,
which may contribute to its lower rigidity and, consequently, a lower storage modulus.
Additionally, the higher intensity of absorption bands at 980 cm~! and 847 cm~! in Tera
Harz TC 85, attributed to C-H rocking and skeletal C-C stretching modes, indicates a more
flexible polymer chain structure, potentially reducing the storage modulus. Shorter poly-
merization times (5 and 6 s) of NextDent Orto Flex result in significantly lower E’ values
compared to the 7 s control, likely due to incomplete polymerization and cross-linking.
This indicates that adequate polymerization time is crucial for achieving optimal stiffness.
Increasing the polymerization time to 8 s does not significantly enhance E’ beyond the 7 s
control, indicating a threshold beyond which additional curing does not further improve
stiffness. These findings are consistent with the previous research, which shows that in-
creased polymerization times enhance the degree of cross-linking, thereby improving the
mechanical properties of dental resins [45,46]. For Tera Harz TC 85, the storage modulus
analysis indicates that the 4 s polymerization time serves as a reliable control. No significant
differences in E’ are observed between the 3 s and 4 s times or between the 2.4 s and 4 s
times, indicating similar stiffness for these durations. However, significant differences
are found between the 4 s control and both the 2 s and 4.5 s polymerization times, with
these shorter and longer exposure times resulting in higher E’ values. The higher E' at 2 s
could be due to a rapid initial reaction, leading to an unexpectedly efficient cross-linking.
The increased E’ at 4.5 s indicates that extended polymerization enhances the cross-link
density, resulting in a stiffer material. These results align with the literature, suggesting
that both insufficient and extended polymerization can lead to increased material stiffness
due to variations in the degree of cross-linking and polymer network formation [47-50].
Both NextDent Orto Flex and Tera Harz TC 85 show that the polymerization time critically
affects the storage modulus. For NextDent, a polymerization time of around 7 s appears
optimal, while for Tera Harz, both very short and extended times (2 s and 4.5 s) enhance
stiffness. The glass transition temperature (Tg) is a critical metric for evaluating the thermal
properties of polymer-based dental resins, as it indicates the temperature at which a mate-
rial shifts from a glassy, rigid state to a rubbery, flexible state. Understanding Tg helps in
determining the material’s performance and stability under different conditions [27,28]. In
the context of NextDent and Tera Harz resins, the polymerization time significantly influ-
ences Tg, reflecting the extent of polymer cross-linking and the resulting thermal stability
of the material. NextDent demonstrates a higher Tg compared to Tera Harz, indicating a
more tightly bound polymer network and thus greater thermal stability. Aromatic groups
can increase Tg due to restricted chain mobility and increased intermolecular forces [51],
implying that the lower presence of aromatic groups in Tera Harz TC 85 compared to
NextDent Orto suggests that Tera Harz TC 85 might have a lower Tg, leading to earlier
softening upon heating. The study indicates that reducing the polymerization time to 5
or 6 s decreases Tg significantly, pointing to a less stable thermal structure. Conversely,
extending the polymerization time to 8 s does not notably affect Tg, indicating an optimal
polymerization time of around 7 s for achieving the best thermal properties for NextDent.
Higher flexibility indicated by prominent skeletal C-C stretching might lead to a lower Tg,
as the polymer chains can move more freely at lower temperatures [52]. For Tera Harz, the
findings indicate a different optimal polymerization strategy. The 4 s polymerization time
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serves as the control, with no significant differences in Tg observed for polymerization
times of 2, 2.4, or 3 s, indicating similar thermal stability across these durations. How-
ever, a significant increase in Tg is noted at 4.5 s, indicating that longer polymerization
enhances the thermal stability of Tera Harz. These results align with the broader literature,
which consistently shows that the degree of polymerization and cross-link density are
key determinants of Tg [53]. Higher cross-link densities typically correlate with higher Tg
due to reduced molecular mobility within the polymer network [54]. For NextDent, a 7 s
polymerization time appears optimal for achieving high thermal stability, while for Tera
Harz, a polymerization time of 4.5 s is recommended to enhance Tg and thermal stability.
The correlation analysis among E’, Tg, and DC reveals important insights into the material
properties of polymer-based dental resins. The significant positive correlation between
E’ and Tg indicates a direct relationship between the mechanical strength and thermal
stability of the material. This implies that as the stiffness of the resin increases, so does its
resistance to thermal deformation, likely due to a denser cross-linked polymer network [54].
Conversely, the moderate negative correlation between Tg and DC indicates a trade-off
between thermal stability and the extent of polymerization. This relationship suggests
that achieving higher Tg might involve conditions that lead to a lower degree of monomer
conversion. This inverse relationship highlights the challenge of optimizing both properties
simultaneously and suggests that adjustments in polymerization protocols might be needed
to balance these attributes effectively. The lack of a significant correlation between E’ and
DC indicates that while both properties are influenced by the polymerization process, they
are not directly dependent on each other. This suggests that other factors, such as the nature
of the monomers and the specifics of the polymerization process, play a more significant
role in determining the storage modulus independently of the degree of conversion. Our
findings on the polymerization times and material properties of NextDent Orto Flex and
Tera Harz TC 85 have important clinical implications for dental aligners. Tera Harz TC
85’s higher degree of conversion (DC) indicates fewer residual monomers, potentially
making it healthier for patients. However, its lower glass transition temperature means it
could become rubbery in the mouth due to temperature variations. On average, an oral
temperature of approximately 34 °C can be measured over a 24 h period [55]. Temperature
naturally fluctuates due to factors such as food and beverage intake, ambient temperature
changes, mouth breathing, and smoking. For instance, Barclay et al. observed temperatures
ranging from 1.62 °C to 65.43 °C during the consumption of hot or cold beverages [56].
NextDent Orto Flex, with its higher storage modulus and Tg, offers greater rigidity and
stability at higher temperatures, ideal for applying significant orthodontic forces. However,
its lower DC raises concerns about residual monomers and potential health implications.
Future studies are needed to further evaluate the long-term health effects and performance
of these materials under varying clinical conditions. This study has several limitations,
including limited sample size and diversity, which may affect the generalizability of the
results. The experiments were conducted under controlled laboratory conditions that do
not fully replicate the dynamic environment of the oral cavity, where factors such as saliva,
varying pH levels, and mechanical wear could influence material properties. Additionally,
the study focused on specific UV exposure durations and immediate material properties
post-polymerization, necessitating further research to explore a broader range of exposure
times, long-term performance, and potential health implications of residual monomers.
Finally, patient comfort and clinical efficacy were not assessed, which are crucial for the
practical application of dental aligners.

5. Conclusions

Tera Harz TC 85 generally achieves higher DC and more stable polymerization across
different UV exposure times than NextDent Orto Flex. Optimal polymerization times
significantly impact both the mechanical and thermal properties of these dental resins,
with NextDent showing optimal properties at 7 s and Tera Harz benefiting from both very
short and extended exposure times. While Tera Harz offers safer polymerization, careful
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consideration of its thermal properties is crucial in clinical use due to the risk of it becoming
less stable at mouth temperature. In contrast, NextDent Orto Flex, with a higher storage
modulus and Tg, provides greater rigidity and stability at elevated temperatures, making
it ideal for applying orthodontic forces, though its lower DC raises concerns about residual
monomers and associated health risks. These findings underscore the need for tailored
curing protocols to maximize the performance of various dental resin formulations.
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