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Mechanical and viscoelastic
properties of a temperature-
responsive photocurable resin
for 3D printed orthodontic clear
aligners
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This study investigates the mechanical and viscoelastic properties of TC-85, a biocompatible material
specifically designed for orthodontic applications, with a focus on how temperature variations
influence its mechanical and viscoelastic properties and their relevance to clinical outcomes. Using

a Digital Light Processing (DLP) 3D printer, the photosensitive resin TC-85 is printed, and extensive
thermo-mechanical testing is conducted, which includes evaluations of tensile modulus, stress
relaxation, and creep behavior. Dynamic Mechanical Analysis (DMA) is conducted at temperatures
varying from 30 to 45 °C to assess the material’s adaptive response to thermal fluctuations. TC-

85 is distinguished by its unique mechanical properties, which include a temperature-sensitive
stiffness, stress relaxation capability, and shape memory feature. The results demonstrate that TC-85
maintains an enhanced level of residual force and a faster recovery of strain through numerous cycles
of loading and unloading. At 40 °C, TC-85 displays a substantial reduction in its storage modulus,
while maintaining consistent strain recovery and volumetric constancy. The study highlights TC-85's
potential in orthodontic treatments, providing adaptable mechanical and viscoelastic properties that
enable the exertion of consistent and regulated forces on teeth. Its resistance to force decay, stable
volume at raised temperatures, and shape memory properties enhance hygienic maintenance and
patient comfort, positioning TC-85 as a pioneering material for the next generation of clear aligners.

Clear aligners have become increasingly prevalent in orthodontics. The global clear aligners market size was
valued at USD 3.80 billion in 2023 and is projected to grow from USD 4.66 billion in 2024 to USD 28.15 billion
by 2032, exhibiting a CAGR of 25.2% during the forecast period 2024-2032. North America dominated the clear
aligners market with a market share of 56.05% in 20232, Their appeal to patients lies in their aesthetic discretion
and comfort, while orthodontists benefit from reduced chair time and simplified oral hygiene management’.
Even with increased applications of clear aligners, clear aligners are considered less effective for achieving certain
tooth movements, such as buccolingual tilting, extraction space closure and palatal expansion, compared to
conventional fixed appliances®®. Additionally, clear aligners are often found to be less successful in correcting
major anteroposterior discrepancies®.

Since the invention of clear aligner orthodontic treatment until now, the most commonly used material for
conventional thermoforming clear aligners is polyethylene terephthalate glycol (PETG), followed by thermoplastic
polyurethanes (TPU), polycarbonate (PC), polypropylene (PP), copolyester, and others"’~!1. Although PETG is
very effective in exerting a strong force on teeth, it does not provide the moderate and sustained force preferred
for orthodontic treatments 2. Additionally, the fitting accuracy of aligners produced from these materials are
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often not ideal due to the constraints of the heat fusion process'>!%. Despite attempts to enhance precision
through multi-layered urethane/PETG structures, the intrinsic properties of the thermoplastic materials after
heat treatment process pose challenges in achieving the optimal accuracy*!>-23, The direct 3D printing of clear
aligners with urethane-acrylic photocurable resins represents a breakthrough, offering improvements in the
rheological properties (viscosity and elasticity suitable for orthodontic treatment) and superior fit accuracy
compared to the conventional vacuum formed clear aligners'#?224-31, As a spotlighted technology for dental
products, 3D printing, especially VAT photopolymerization based 3D printing, such as SLA (Stereolithography),
DLP (digital light processing), and LCD, making its way into direct printing of clear aligners is not surprising
after all, as the technology has promised and proven itself with its high-quality resolution as well as functional
and smart material applications®*32-3>. For polymers as such, in-depth analysis on their rheological properties is
required for thorough understanding of the material.

Various static mechanical properties of existing thermoplastics, including water absorption, solubility,
surface hardness, transparency, fatigue, creep, and stress relaxation, have been extensively evaluated in numerous
studies”¢-%. These investigations have subsequently paved the way for numerous clinical case studies aimed at
optimizing the application of clear aligners in clinical practice?***-**, Among a multitude of physical attributes,
enhancing device performance and predicting treatment outcomes necessitate a comprehensive understanding
of not only static mechanical properties but also force decay due to creep and stress relaxation!>3%4546, This
importance stems from the prolonged wear and the repetitive attachment and detachment of clear aligners during
orthodontic treatment®”*>%°, In contrast to elastic materials like Ni-Ti wire, the plastics used in clear aligners
exhibit viscoelastic properties, existing in an intermediate state between viscous and elastic materials*’. This
viscoelastic nature allows clear aligners to withstand prolonged loading, displaying distinct behaviors depending
on the applied load*®. Creep behavior is characterized by gradual deformation under a repeated and constant
load, leading to a decrease in restoring force as the deformation continues. Previous research has indicated that
stress relaxation, ranging from 17.9% to 62%, occurs over a 24-h period under conditions simulating the oral
cavity (37 °C and 100% humidity)*. The degree of relaxation varies with the type of thermoplastic material and
the number of layers used, according to empirical evidence®.

Although the mechanical characteristics of directly printed clear aligners may seem inferior to those
manufactured by using thermoforming due to its smaller force as found in some studies thickness variation and
shape memory property can be advantages in more detailed control over orthodontic force!>*". When a gentler
correction force is needed for tooth alignment, the mechanical properties of the material can be customized by
adjusting the temperature or by altering the thickness of the direct printed aligners at the 3D design stage. The
3D direct printed aligners are thermo-responsive, thus react to temperature change immediately which could be
used to ease pain or discomfort the patient may experience during the treatment.

In the prior study, the thermo-mechanical and viscoelastic properties were analyzed at 37 °C and 80 °C*.
However, the oral temperature in clinical situation is seldom sustained at 37 °C (body temperature) and rarely
reaches the exceptionally high level of 80 °C. Instead, the temperature within the oral cavity varies within a
smaller range with consumption of food, drinks, and other factors. In fact, according to a study conducted
on temperature variations in oral cavity, the resting mouth temperature varied between 29.9 and 36.8 °C!.
Therefore, it is important to analyze the properties of the aligners in response to the range of temperatures that
aligns more with the actual oral temperatures that the users encounter throughout the day.

This study aimed to investigate the changes in mechanical properties relative to temperature. Tensile strength,
rheological properties, and creep recovery were measured at more precise temperatures (25 °C, 30 °C, 35 °C, and
40 °C) by immersing specimens in a temperature-controlled water bath. An analysis of the clinical implications
was then carried out based on these comprehensive results.

Material & method

Specimen preparation

The material chosen for the direct-printed aligners was TC-85, obtained from Graphy Inc. in Seoul, Korea.
Formulated from the oligomers GR30860 and GR3060, this resin undergoes polymerization with the addition
of bis(2,4,6-trimethylbenzoyl)-phenylphosphine oxide as a photoinitiator, known commercially as Irgacure
819 (BASF SE, Ludwigshafen, Germany). Approved by FDA 510(k) and CE class IIa, the material's major
component is an aliphatic urethane acrylate oligomer and is of a network structure at its final polymerized
form, which correlates to its shape memory property. A stick-shaped specimen was printed to evaluate the
material’s mechanical properties, with dimensions set to LW 60x 14 mm. Considering the commonly used
aligner thicknesses of 0.5 mm, 0.65 mm, and 0.8 mm, the specimens were printed with three thicknesses by
using computer-aided design. Specimens were printed by the DLP 3D printer, Uniz 4 K (Uniz, San Diego, USA)
with layer thickness of 100 um and exposure time of 1.3 s for each layer. After printing, residual liquid resin on
the specimen’s surface was gently removed with a soft scraper, and the specimen was then cured using a post
curing machine (Tera Harz Cure, Graphy Inc., Korea) for 20 min, using UV light within the wavelength range of
385-405 nm under Nitrogen condition®®>2,

For Dynamic Mechanical Analysis (DMA) and Viscoelastic Testing, the specimen dimensions were
customized to fit the capacity of the DMA equipment (Q800, TA Instrument, USA), which has a maximum load
capability of 18 N. Rectangular strips with dimensions of and 5x40 mm for the TC-85 specimens. To ensure
uniformity, the average thickness of the specimens was calculated by measuring the thicknesses at three points
(two ends and the middle) along with the length of each specimen for each test and measurements.

Static mechanical property test (Tensile test)
Tensile test was carried out on seven specimens from each group, immersed in a water bath of constant
temperatures of 30 °C, 35 °C, 40 °C, and 45 °C, as illustrated in Fig. 1. The tensile test was conducted using a
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Fig. 1. Thermostatic water bath for universal testing machine for measuring tensile strength according to
temperature change; (a) Configuration of constant temperature water bath, (b) Tensile test fixture.

Universal Testing Machine (AllroundLine Z010, 2 kN load cell, Zwick, Germany). Tension was applied to each
specimen continuously until fracture with a crosshead speed of 5 mm/min. The static mechanical properties
were evaluated by measuring the yield strength and elastic modulus.

Dynamic mechanical property

Dynamic mechanical analysis (DMA) test (Frequency sweep)

To evaluate the rheological properties of the material, dynamic mechanical analysis (DMA) was conducted using
a frequency sweep approach. Tests were performed at temperatures of 30 °C, 35 °C, 40 °C, and 45 °C, at a strain
rate of 0.1%, and frequency range from 0.1 to 100 Hz. The heating rate was maintained at 5 °C/min (K/min),
utilizing a DMA equipment (Q800, TA instrument, USA). Storage modulus, loss modulus, and loss tangent were
measured in relation to temperature. The tests were then repeated three times for each temperature group to
ensure reliability of the experiments with an error margin below 10%.

thermo-mechanical cycle test (Stress relaxation & creep test)

The evaluation of creep behavior and stress relaxation for each material was performed using DMA (Q800,
TA instrument, USA) and its stress relaxation mode. The specimen was firmly positioned at supporting points
to maintain a consistent distance of 10 mm between the fixation zig. Thirteen cycles were carried out, each
involving 2% tension maintained for 60 min at temperatures of 30 °C, 35 °C, 40 °C, and 45 °C, each followed by
a 60-min recovery period. This experimental design was also mainly referenced to prior research, which showed
that 60 min of tension induced the most significant changes in the material’s behavior®. Additionally, after the
10th cycle, the material’s response reaches a point of saturation, and subsequent cycles show minimal changes®.
Patterns of stress relaxation and strain recovery were methodically observed throughout the experiments.
Importantly, three specimens at each temperature were subjected to repeated testing, confirming that the results
from each experiment fell within a 10% error margin.

Shape memory property test

Among several methods of evaluating the shape recovery effect of materials, the bending test was chosen to
qualitatively investigate and directly visualize the shape recovery property>>>*. A U-shaped model was used to
simulate a scenario in which a tooth deviates from the occlusal line towards the buccal side under the influence
of a bending force exerted by aligners. The shape recovery rate is affected by the thickness of the specimen.
Therefore, in order to observe meaningful shape recovery rate in the context of clinical applications, the test
specimens had thicknesses within clinically relevant range of 0.5 mm to 0.7 mm. The central shaft of the U-shaped
model had a diameter of 4 mm. Specimens were bent into a U-shape at 80 °C, which is above the glass transition
temperature (Tg) of TC-85 and were held in this position for 5 min (note: T values were ascertained via DMA)*.
These specimens, once bent at this elevated temperature, were then quickiy cooled to and maintained at 24 °C
for additional 5 min. Upon removing the external force, the initial bending angle (8, .. ) of the folded specimen
was measured. Then, the specimens were immersed in a water bath at temperatures of 30 °C, 35 °C, 40 °C, and
45 °C, where the shape recovery process was recorded using video capture at a frame rate of 30 FPS over an hour.
The initial bending angle (8, ,..) and the bending angle at subsequent times (8,) were measured at specified
time intervals (10 s, 30 s, 1 min, 5 min, 10 min, 30 min, and 60 min) using the mathematics software GeoGebra,
developed by Markus Hohenwarter. The shape recovery ratio was determined using the following equation:

Shaperecoveryratio = %*100%
initial
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Result

As temperature rose from 30°C to 45°C, a gradual decrease in tensile strength, elastic modulus, and maximum
force within a 20% strain was noted. The tensile strength and elastic modulus did not show significant change
with varied sample thicknesses (Figs. 2a and 2b). However, for max standard force, the thicker specimen
showed much higher max standard force in 20% at 30 °C. However, with increasing temperature, this difference
diminished, and beyond 40°C, the relationship between max standard force and thickness was not significant
(Fig. 2¢). Figure 2d displays the elongation at break in relation to both temperature and sample thickness, with
all elongation values exceeding 100% and showing large standard deviations.

The force distribution resulting from an applied tensile load in relation to thickness and temperature is
demonstrated in Fig. 3. The results indicate that the force required for deformation significantly decreases as
temperature increases from 30°C to 45°C for all thicknesses. The force deviation based on temperature was the
most pronounced in the specimen with 0.8 mm thickness, aligning with the observations in Fig. 2c.

Figure 4 presents changes in storage modulus and loss modulus from the DMA frequency sweep at varying
temperatures. A distinct decrease in storage modulus was noted as the temperature increases from 30°C to 40°C,
but at temperatures beyond 40°C, no significant decrease in storage modulus nor increase in loss modulus was
observed.

The cycle tests, involving a 2% elongation held for 60 min, followed by a 60-min force release period, showed
the pattern of stress relaxation based on temperature (Fig. 5). Specimens exposed to temperatures over 40°C
seemed to recover fully to their original form, coupled with a reduction in the magnitude of the applied force.
The inherent stress and recovery rates after 13 cycles are detailed in Table 1. At the end of the 1 h recording,
specimens at 30°C and 35°C exhibited a recovery rate below 80%, whereas those above 40°C, especially at 45°C,
showed a recovery rate above 90%, suggesting nearly complete recovery and significant stress relaxation.

The results of the shape memory experiments highlighted the temperature-dependent behaviors of the
material. According to the 1 h observation of shape recovery, the materials showed the fastest recovery was at
45 °C reaching 99% recovery, while the slowest was at 30 °C, where only 34.4% recovery occurred after 60 min
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Fig. 2. Test result of tensile strength according to thickness and temperature change of tensile specimen in
constant temperature water bath of universal testing machine; (a) tensile strength, (b) tensile modulus, (c)
maximum tensile force within 20% strain, (d) maximum elongation break.
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(Fig. 6). The calculated values of shape recovery ratio of TC-85 specimens based on the measured initial bending
angles (6, ... ) and bending angles at subsequent times (8,) are shown in Table 2 and Fig. 7.

Discussion

In contrast to previous study that used dumbbell-shaped specimens for tensile test, this research employed stick-
shaped specimens to minimize experimental bias due to variations in specimen dimensions and sample loss®.
In orthodontics, clear aligners are typically thin (less than 1 mm in thickness), and their mechanical behavior in
a clinical setting is influenced by factors such as tensile strength, elongation, and flexibility. To better simulate
the conditions of real aligners, we selected specimens with a thickness similar to that of actual aligners. This
decision was made to ensure that our experimental conditions closely mimic the real-world mechanical behavior
of orthodontic aligners, which are commonly used in clinical practice. According to ISO 527-3 and ASTM
D882 standards for tensile test for films of whose specimen thickness is below 1 mm, it is recommended to use
a rectangular shape instead of the traditional dumbbell form. This adjustment allowed us to better reflect the
clinical situation and the material behavior in real orthodontic aligners. Additionally, from our pilot studies,
dumbbell-shaped specimens became more prone to damage during sample preparation when the thickness was
reduced. This could also affect the reproducibility and repeatability of the experiment, as well as the overall
reliability of the data. The rectangular shape helped mitigate these issues and ensured more consistent specimen
handling and preparation.

The initial hypothesis applied to the previous study was that variations in the thickness of clear aligner devices
could lead to unwanted forces on the teeth, with the assumption that aligner thickness significantly affects the
orthodontic forces applied. However, results from the previous study focused on the differences in physical
properties between PETG and TC-85 rather than addressing the differences in physical properties based on
thickness variations®. In this study, only one material was used, and the hypothesis was empirically tested by
fabricating TC-85 specimens at three thicknesses of 0.5 mm, 0.65 mm, and 0.8 mm.

One of the most significant findings from previous research is that the physical properties of materials,
especially TC-85, demonstrate very particular viscoelastic behaviors and temperature-dependent shape memory
properties?>263_ Experiments were conducted at 37 °C and 80 °C to test the properties near body temperature.
However, temperature such as 80 °C above T was a condition too extreme to compare the changed properties to
draw clinical meaning. The current study sought to rectify this by evaluating material properties at temperatures
that are more representative of conditions within the oral cavity on a daily basis: 30 °C, 35 °C, 40 °C, and 45 °C.

Theoretically, tensile strength and elastic modulus are derived from maximum tensile and cross-sectional
area of the material, thus are independent of the thickness. The current study corroborated this, showing no
significant variance in these measurements across different thicknesses. However, a clear trend was observed
whereby an increase in temperature led to a decrease in both tensile strength and elastic modulus, which in turn
made the material more ductile, requiring less force for deformation. Unlike vacuum formed clear aligners made
of materials such as PETG, direct printed aligners can be designed to fit dental anatomy precisely regardless of
undercuts”'423. This allows close fit along all surface between the device and teeth, providing more effective
orthodontic force”122526:455055-57 However, the perfect fit requires the device to pass through the height of
contour and reach the undercut area. For optimal placement, the device must be able to adapt to dental contours
and undercuts with minimal force and have adequate flexibility to avoid discomfort or breakage during the
application or removal process. Therefore, lower tensile strength and elastic modulus are considered preferable.
Additionally, the temperature-dependent flexibility can be used in advantage to ease the fitting and removal
process of the device. For example, the device can be heated in hot water before fitting and heated by drinking
warm water above body temperature before removing in order to increase flexibility instantly and ease the tight
fit to fit and remove with minimal force required.
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Fig. 5. Stress relaxation and creep at 30, 35, 40 °C and 45 °C; The cycle of 2% elongation for 60 min and

recovery for 60 min was repeated 13 cycles; (a) 30 °C; (b) 35 °C; (c) 40 °C; (d) 45 °C.

Maximum standard force is measured in order to investigate the physical properties with thickness factor as
an added factor. It was discovered that actual tensile strength varies with the thickness of the device, implying

that thinner devices requires smaller force for deformation. In clinical settings where the aligner is to be applied

to areas with poor periodontal health or sever undercuts, thinner device would be more advantageous for
avoiding applying large force. Although a trend of decreasing force required with increasing temperatures was

noted across all thicknesses, no substantial differences were observed above 40 °C. Also, the force difference
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30 7.02 78.11
35 2.00 77.20
40 0.45 92.76
45 0.18 99.18

Table 1. Static force and recovery rate at 30 °C, 35 °C, 40 °C and 45 °C at the 13th stress relaxation and creep
of 13 repetitions of a cycle of 2% elongation for 60 min and recovery for 60 min.

35°C

10 sec 30 sec 1 min 5 min 10 min 30 min 60 min

Fig. 6. Shape memory effect over time of TC-85.

30°C 0 [07+04 |13+£0.5 |21+£0.7 |7.6+18 |11.5+1.3 |23.1+2.7 |34.4+2.6
35°C 0 | L6+l 52+09 |82+1.6 |258+3.5|383%3.6|62.6+2.8 |781%29
40°C 0 |68+0.8 |17.4+24 (273+38 |60.1£53 |74+3.4 |90.1+0.6 |955+1.4
45°C 0 |269+4 | 547448 |70.9+7.1 |90.9+£3.2 | 95.7+1.1 | 98.5+1 99.2+0.9

Table 2. Shape recovery ratio (%) of TC-85 specimens at 0s, 10's, 30 s, 1 min, 5 min, 10 min, 30 min and 1 h
at different temperatures (N =3).

between 0.65 mm specimen and 0.8 mm specimen was relatively small at 30 °C and 35°C. Therefore, while the
thickness of the device does have some effect on the orthodontic corrective force exerted on teeth, its clinical
significance seems insignificant.

A stress—strain curve was created to visually demonstrate force variations relative to temperature (Fig. 3). As
previously explained, force required for same strain decreased with increased temperature for a given thickness.
Although the graph shows how the material behaves until its elongation break, only the initial values of the curve
is clinically meaningful, because actual tooth movement occurs within a narrow range of elongation, making
values beyond the initial changes less critical in clinical relevance. Similar to the results from previous study, all
specimen reached its peak force in the beginning stage of deformation®’. Compared to peaks of PETG, TC-85
showed significantly lower peak force. This result corroborates the potential of TC-85 to facilitate efficient tooth
adjustment with fewer steps and biologically more suitable force. Applying this finding to clinical settings, the
thicker the device is, the more movement per step one give. However, thickness over 0.65 mm is expected to have
no significant effect. Also, since the material’s flexibility is temperature-dependable, it is possible to minimize
side effects and discomfort especially when using an aligner designed for large tooth movement by utilizing
warm temperature over body temperature and introducing physiological force to the teeth.

As shown in Fig. 4, the temperature increases by 5 °C from 30 °C to 45 °C, storage modulus decreases and
tan delta increases. This phenomenon is very natural because it is based on the softening of polymers due
to temperature change and also aligns with previous works?>*. However, in case of an orthodontic device,
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Fig. 7. Recovery ratio (%) of TC-85 with respect to time (s) in log scale at varied temperatures of 30 °C, 35 °C,
40 °C, and 45 °C.

the temperature at which the viscoelastic properties are maximized must be around 35 °C near human body
temperature. In this study, as the temperature rises from 30 °C to 40 °C, the decrease of storage modulus and
increase of tan delta occur at a constant rate, but the rate is hindered when the temperature rises above 40 °C.
Such phenomenon generally occurs around the Tg (glass transition temperature) of polymer materials. It can
be inferred that the viscoelastic properties of the material are maximized in an environment at 35 °C in the oral
cavity near its Tg.

Stress relaxation and creep of TC-85 were examined at 2% strain rate to mimic the material deformation
during the application of the device (Fig. 5). In the previous study, experiments were conducted under a 1%
strain rate condition, which was an inevitable condition due to the low elasticity of PETG*. However, focus
of this study was to investigate the effect of temperature by using only the TC-85 material, which has high
flexibility and correspondingly high elastic range, so the experiments could be conducted at a strain rate of 2%.
As the cycles progressed, stress relaxation became evident when the temperature was higher, and the static force
also tended to decrease immediately. According to the results of the previous experiment, the amplitude of the
initial force tended to be larger at lower temperature, and the static force in stress relaxation condition was also
relatively higher at lower temperature®. In addition, the creep occurred more clearly at lower temperatures and
static force continuously increased as the cycle progressed. From a biomechanical perspective, creep could be
seen as beneficial since it minimizes force decay and sustains the orthodontic force applied by the aligners.

These results show that in a clinical situation where the orthodontic device is worn and placed under
continuous strain, the force exerted from the device to the teeth can be changed with temperature. When a
patient wears the aligner, appropriate orthodontic force must be applied to the teeth, and it must occur at a
temperature close to oral environment approximately at 35 °C. Combined with the results from the previous
studies which involves long-term exposure to oral conditions and liquids!>37384547:55:58 " the higher strain
rate resulted in greater force. Therefore, by individualizing movement of each tooth in the set-up process and
adjusting the expected strain rate, the ideal orthodontic force can be achieved with specifically controlled applied
forces®>>C. If the patient experiences pain when installing the device, using water at a temperature higher than
body temperature can help by immediately lowering the applied force to 0 N.

There may be concerns about permanent deformation of the device due to creep phenomenon and repeated
use!*?337 However, these concerns could be dismissed by the previous research which confirmed the shape
memory property of the newly developed material at 37°C and 80°C followed by this study attempted to look at
the shape memory pattern under more detailed conditions®. Likewise, the material exhibited quicker recovery
at an elevated temperature (Table 2). This study provides detailed pattern of shape memory and suggests
that warming the clear aligner may be used as a guideline for first-timers and patients in transitions between
orthodontic stages to lessen the discomfort.

With TC-85, it is possible to control the applied force more precisely by thickness variations within an aligner
or by incorporating negative attachments rather than adhesive attachment to the teeth or using multi-layer
sheets. In the case of thermoformed aligners made with PETG materials, 1 kg tension was generated at a strain
rate of 1%, but direct printed aligner generated a force of 100 g at 1% and 200 g at 2%. Such orthodontic-
friendly force range allows the operator to freely plan the orthodontic treatment without concerns on excessive
amount of force. This method can be expressed as a force driven system. Even if the oral temperature rises by
just 5 degrees, the orthodontic corrective force is clearly released and returns in moderate measures that is more
biomechanically suitable.

In conclusion, the immediate force when applying the device at body temperature may surpass physiological
force. This is a common phenomenon among existing clear aligners, and materials such as PETG exert much
greater initial force!2. However, more efficient tooth movement is ensured with the property of TC-85 which
allows stress relaxation to occur immediately and exert the most physiological force. Therefore, when using
the device for the first time, it is advised to use it at a higher initial temperature to minimize discomfort and
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prevent excessive forces. Then, gradual adjustment to oral cavity temperature will ensure a smooth transition to
physiological force range for optimal orthodontic corrective force applications.

Although the study examined material properties across various temperatures, different clinical conditions,
varying orthodontic clear aligner materials, simulation of installation and removal of the device, long-term
exposure to oral conditions, and the orthodontic force under fluctuating temperature rather than a fixed
temperature in order to derive more clinically meaningful results. Also, since the water was involved in the tensile
test, water sorption properties could be included in future studies as response to water exposure is a significant
factor for orthodontic devices. In addition, further investigation is necessary on various teeth morphologies
and health conditions of periodontal tissues to determine how much tooth movement per set is appropriate to
achieve the 1% and 2% strain as assumed in this and previous studies.

Looking ahead, several promising approaches could expand the use of TC-85 in orthodontics and beyond.
Surface treatments with carboxybetaine-copolymers have demonstrated significant improvements in biofilm
resistance while maintaining the optical translucency of 3D printed clear aligners, which is crucial for long-
term device cleanliness and patient comfort®. Furthermore, the integration of acrylated cellulose nanocrystals
(A-CNCs) into TC-85-based photocurable resins has shown enhancements in mechanical properties,
transparency, and shape-memory performance®. This opens up new possibilities for developing strong,
transparent, and bioresponsive materials. Additionally, a recent work introduced an innovative workflow that
pairs Al-driven CBCT segmentation with temperature-responsive 4D polymers (TC-85) to create patient-
specific bioengineered scaffolds®! . These Al-aided designs, when combined with TC-85, have shown promising
results for personalized applications beyond orthodontics in fields like orthopedics, dental implants, and
tissue engineering. Al could play a crucial role in personalizing the design and performance of biomedical
materials, enabling precise customization to patient-specific needs. These combined advancements in surface
treatments, material composites, and Al-driven design pave the way for the future of TC-85 in personalized,
high-performance medical devices.

Conclusions

1. TC-85, sensitive to body temperature, showcases enhanced shape memory with rising temperatures, reduc-
ing the corrective force of clear aligners for improved patient comfort.

2. At 45 °C, TC-85 reaches peak flexibility, aiding in comfortable orthodontic correction, while below 30 °C, it
maintains stiffness and resistance to external deformation.

3. At 30 °C, TC-85's elasticity, stress relaxation, and strain recovery properties enable it to deliver a steady, gen-
tle corrective force suitable for orthodontic treatment.

4. TC-85 resists force decay under varied thermal conditions, maintaining its corrective effectiveness through
multiple device applications and removals.

5. With TC-85, it is possible to control the applied force more precisely by thickness variations rather than
adhesive attachments or multi-layer sheets due to direct 3D printing.

6. The stable, cross-linked structure of TC-85 remains consistent at 80 °C, providing advantages over PETG in
durability and user maintenance.

Limitation
1. The outcomes may differ under conditions of 100% humidity, similar to those in the oral cavity, due to the
considerable water absorption characteristic of polyurethane.

2. Prolonging the stress relaxation test beyond 24 h could provide more significant findings that better reflect
the typical wear duration of orthodontic aligners, which usually exceeds 24 h.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason
able request.
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