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ARTICLE INFO ABSTRACT
Keywords: Objectives: To conduct a physiochemical and mechanical material analysis on 3D printed shape-memory aligners
Clear aligners in comparison to thermoformed aligners.
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Materials and methods: Four materials were examined, including three thermoformed materials: CA Pro (CP),
Zendura A (ZA), Zendura FLX (ZF), and one 3D printed material: Tera Harz (TC-85). Rectangular strips
measuring 50 x 10 x 0.5 mm were produced from each material. Five tests were conducted, including differ-
ential scanning calorimetry (DSC), dynamic mechanical analysis (DMA), shape recovery tests, three-points
bending (3 PB), and Vickers surface microhardness (VH).

Results: DSC recorded glass transition temperatures (Tg) at 79.9 °C for CP, 92.2 °C for ZA, 107.1 °C for ZF, and
42.3 °C for TC-85. In DMA analysis at 20-45 °C, a prominent decrease in storage modulus was observed,
exclusively for TC-85, as the temperature increased. Notably, within the temperature range of 30-45 °C, TC-85
exhibited substantial shape recovery after 10 min, reaching up to 86.1 %, while thermoformed materials showed
minimal recovery (1.5-2.9 %). In 3 PB test (at 30, 37, 45 °C), ZA demonstrated the highest force at 2 mm
bending, while TC-85 exhibited the lowest. Regarding VH at room temperature, there was a significant decrease
for both ZA and ZF after thermoforming. ZA had the highest hardness, followed by ZF and TC-85, with CP
showing the lowest values.

Conclusions: TC-85 demonstrates exceptional shape memory at oral temperature, improving adaptation, reducing
force decay, and enabling, together with its higher flexibility, extensive tooth movement per step. Additionally, it
maintains microhardness similar to thermoformed sheets, ensuring the durability and effectiveness of dental
aligners.

Clinical relevance: The 3D printed aligner material with shape memory characteristics (4D aligner) has revolu-
tionized the orthodontic aligner field. It showed mechanical properties more suitable for orthodontic treatment
than thermoforming materials. Additionally, it offers enhanced control over aligner design and thickness, while
optimizing the overall workflow. It also minimizes material wastage, and reduces production expenses.

1. Introduction contributes to maintaining improved oral hygiene standards (Ashari and
Mohamed, 2016). Furthermore, they require fewer dental appoint-

Invisible aligners have become increasingly a popular alternative to ments, saving both time and money for clinicians and patients. Tech-
fixed orthodontic devices. Patients find them more appealing due to nically, they are also easier to manage in everyday practice compared to
their aesthetically clear appearance. Moreover, their removability fixed appliances (Yassir et al., 2022). Clear aligner treatment is defined
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by a gradual incremental correction of tooth malalignment. Typically,
each aligner has a limited step size and can achieve tooth movements of
only 0.2-0.3 mm for translations and 1°-3° for rotations per tooth. Pa-
tients are instructed to wear each aligner in the series for at least 20 h
daily within a specified intervals of 10-14 days, before switching to a
new aligner (Moutawakil et al., 2021; Tamer et al., 2019).

The clinical efficacy of clear aligners can be affected by a multitude
of factors (Yassir et al., 2022; Upadhyay and Arqub, 2022). The prop-
erties of aligner materials remain one of the most essential aspects in
determining their mechanical and clinical features (Cremonini et al.,
2022; Momtaz, 2016). Conventional thermoformed aligners are made of
a single layer of plastic sheets made of either polyvinyl (PV), polyvinyl
chloride (PVC), polyethylene terephthalate glycol (PETG), poly-
propylene (PP), polystyrene (PS), or polyurethane (PU) (Cremonini
et al., 2022; Thukral and Gupta, 2015; Martorelli et al., 2013; Elshazly
et al.,, 2021). More recently, multi-layer hybrid materials have been
developed to address the limitations of single-layer materials. These
hybrid materials consist of a combination of tough outer shells and a
softer inner layer, resulting in enhanced mechanical properties as well as
more patient comfort (Lombardo et al., 2016).

The conventional manufacturing process through thermoforming
was observed to have an adverse impact on the mechanical properties of
aligner materials (Golkhani et al., 2022; Dalaie et al., 2021). Hence, as
an alternative approach, direct 3D printing of aligners has been intro-
duced recently (Koenig et al., 2022; Shivapuja et al.; Lee et al., 2022;
Jindal et al., 2019). The 3D printing process eliminates the cumulative
errors caused by the conventional thermoforming workflow (Tartaglia
et al., 2021). Additionally, 3D printing offers enhanced precision,
increased control over aligner design and thickness (Elshazly et al.,
2022a; Jindal et al., 2020), reduced supply chain complexity, dimin-
ished material wastage, as well as lower production costs (Elshazly et al.,
2021, 2022b; Jindal et al., 2020; Peeters et al., 2019).

The limited tooth movement per each single aligner splint results in
an increase of the number of splints per treatment. This escalation not
only amplifies the financial burden per treatment, but also significantly
increases plastic consumption, which is a matter of environmental
concern (Elshazly et al., 2022b). Additionally, a greater quantity of
aligner splints per treatment introduces an elevated risk of divergence
between the intended treatment plan and the actual clinical results
(Upadhyay and Arqub, 2022). In order to address these challenges and
enhance the adaptability of aligners in oral conditions, the integration of
smart materials, such as shape memory polymers (SMPs), was proposed
(Elshazly et al., 2021, 2022b; Lee et al., 2022).

SMPs are dynamic polymers which can undergo a change in their
macroscopic configuration when subjected to specific stimuli. These
materials effectively can maintain a temporary shape until they are
exposed to a proper stimulus, at which they promptly return to their
original form (Meng and Li, 2013; Lendlein and Kelch, 2002). The shape
memory mechanism of SMPs has two key associations, first is the pres-
ence of a stable polymer network that determines the initial shape of the
material, and second is a reversible polymer network that allows the
material to transform into a temporary shape (Elshazly et al., 2022b;
Meng and Li, 2013). SMPs possess the ability to attain higher strain
levels and can adopt multiple temporary shapes. This distinctive feature
is attributed to the presence of multiple phases within the material, each
phase is characterized by a different shape recovery temperature (Liu
et al., 2007).

To the best of our knowledge, a comprehensive overview of the
material properties of aligners made from either shape memory poly-
mers, 3D printed resin or the 3D printed shape memory resin (referred to
as 4D aligners) is still lacking in the literature. In this context, the pri-
mary objective of this study is to present data derived from the physi-
ochemical and mechanical analysis of 3D printed shape-memory
aligners (4D aligners) in comparison to thermoformed aligners.
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2. Materials and Methods
2.1. Materials

Four materials were investigated in the current study, three of them
are thermoformed materials; namely CA Pro (CP), Zendura A (ZA),
Zendura FLX (ZF), and one is a 3D printed material; namely Graphy Tera
Harz TC-85 (TC-85) (Table 1).

2.2. Specimens preparation

Thermoplastic sheets of the three materials (CP, ZA, ZF) underwent a
thermoforming process using a Biostar thermoforming device (Scheu-
Dental GmbH, Iserlohn, Germany), following the manufacturer’s
guidelines outlined in Table 1. This thermoforming process resulted in
the sheets thinning from 0.75 mm to approximately 0.6 mm (Golkhani
et al., 2022), reassured with a digital caliper (Fisher Scientific Interna-
tional Inc., Hampton, NH, USA) and the resulting specimens were then
cut into rectangular strips measuring 50 x 10 x 0.6 mm using scissors.
The edges of these specimens were refined using a polishing machine
(Fig. 1). On the other hand, TC-85 specimens were directly 3D printed in
strip rectangular form with dimensions of 50 x 10 x 0.6 mm, as showed
in the 3D model in Fig. 1.

2.3. Testing

2.3.1. Differential scanning calorimetry (DSC)

Thermal analyses were executed utilizing a differential scanning
calorimeter (STARe SW Mettler Toledo V16.10; Greifensee,
Switzerland). Each specimen was exposed to two heating cycles to 240
°C and one cooling cycle to —40 °C, with a cooling/heating rate 10 °C/
min. The analyses were performed under nitrogen atmosphere. The glass
transition temperature (Tg) was ascertained by identifying the midpoint
in the second heating cycle (Fig. 2, and Supplements 1-3). Two speci-
mens (n = 2) were tested for each material, and the average Tg value was
subsequently calculated.

2.3.2. Dynamic mechanical analysis (DMA)

Three specimens per material (n = 3) were prepared for DMA. The
test was done using a dynamic mechanical analyzer (DMA Q800; TA
Instruments, New Castle, USA) with frequency 0-100 Hz and strain rate
0.1 % in stress relaxation mode, at temperatures 20, 25, 30, 35, 40, and
45 °C.

2.3.3. Shape recovery test

Shape recovery assessment was conducted at three distinct temper-
atures: 30 °C, 37 °C, and 45 °C. For each material, a total of 18 specimens
were prepared, with 6 specimens designated for each recovery temper-
ature (n = 6). The specimens underwent a specific process, in which they
were initially softened by heating in boiling water at 100 °C, then bent to
180°. Subsequently, the specimens were rapidly cooled in cold water for
1 min to gain hardness while maintaining the deformed bent shape.
These specimens were then refrigerated at 4 °C for 1 h to preserve their
temporary shape until testing. To assess the extent of shape recovery
within an oral environment, each specimen was immersed in a water
bath for 10 min at 30 °C, 37 °C, and 45 °C. The ImageJ software (Na-
tional Institutes of Health, Maryland, USA) was employed to measure
both the initial bending angle (0 initial) and the subsequent recovery
angle (0 final) (Fig. 3). Subsequently, the shape recovery percentage was
computed using the following equation:

0 final

100
0 initial

Shape Recovery % =

2.3.4. Three-point bending test (3 PB)
A custom-made mechanical setup (Orthodontic measurement and
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Table 1
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Data on the investigated aligner materials, specifying the manufacturer, thickness of the sheets, thermoforming or 3D printing conditions, and the material composition

(Manufacturers’ data).

Name Manufacturer Thermoforming Thermoforming/3D Printing Conditions Material Composition
Code/Thickness
CA® Pro (CP) Scheu-Dental Code (112)/0.75mm  Thermoforming: Heating for 25 s at 220 °C, and pressure-forming at ~ Three-layer sheet of a soft thermoplastic
(Iserlohn, 4.8 bar, then cooling for 60 s elastomeric layer between two hard layers
Germany) of co-polyester
Zendura A™ Bay Materials Code (162)/0.75mm  Thermoforming: Heating for 50 s at 220 °C, and pressure-forming at  Single-layer sheet of thermoplastic
(zA) (Fremont, USA) 4.8 bar, then cooling for 60 s polyurethane (TPU)
Zendura Bay Materials Code (162)/0.75mm  Thermoforming: Heating for 50 s at 220 °C, and pressure-forming at ~ Three-layer sheet of a middle
FLX™ (ZF) (Fremont, USA) 4.8 bar, then cooling for 60 s thermoplastic soft elastomeric TPU layer
and two hard layers of co-polyester
Tera Harz TC- Graphy (Seoul, N/A 3D printing was done using a DLP-type 3D printer (Uniz NBEE; Urethane acrylate oligomer with acrylic
85' (TC-85) South Korea) /0.6 mm Uniz, CA, USA) (layer thickness of 100 p), followed by UV light monomers

photo-curing (wavelength: 405 nm) under N, conditions for 25 min
using a special post-curing device (Tera Harz Cure; Graphy, South

Korea)

L TC-85isa CE, FDA, and KFDA Certified material.

Fig. 1. A custom-made metal mold used for thermoforming of aligners sheets
to produce test specimens in specific dimensions (Upper left), a test specimen in
the form of rectangular strip (50 x 10 x 0.6 mm) (Upper right), a 3D model
used for the 3D printing of strips made from TC-85 aligner material with the
following dimensions: X = 50 mm, Y = 10 mm, Z = 0.6 mm (Lower).

simulation system, OMSS; Oral Technology, University Hospital Bonn,
Bonn, Germany) (Bourauel et al., 1992) was employed to measure the
maximum force when each specimen was deflected by 2 mm at a three
point configuration with a span length of 24 mm. This mechanical setup
was equipped with a temperature-controlled cabin, enabling the tests to
be conducted at various temperatures, specifically 30 °C, 37 °C, and 45
°C. For each material, a total of 18 specimens were prepared, with 6
specimens designated for each recovery temperature (n = 6).

2.3.5. Surface microhardness

Surface microhardness was measured using a Vickers microhardness
tester (Qness 60 M Evo; QATM, Mammelzen, Germany) at room tem-
perature. To create indentations, a load of 1.96 N (200 g force) was
applied for a duration of 10 s (HV 0.2). In each sample, five indentations
were generated with a minimum separation of 50 p between them. The
mean Vickers hardness number (VHN) was then calculated for each

sample. For the thermoformable sheets (CP, ZA, ZF), hardness tests were
conducted on both the as-received material and after thermoforming,
with a total of 12 samples for each material (6 specimens for each stage).
In the case of TC-85, hardness testing was performed only after the post-
curing process (n = 6).

2.4. Statistical analysis

Numerical data were represented as mean and standard deviation
(SD) values. Shapiro-Wilk’s test was used to test for normality. Surface
hardness data were normally distributed and were analyzed using one-
way ANOVA followed by Tukey’s post hoc test. Other data were non-
parametric and were analyzed using Kruskal-Wallis test followed by
Dunn’s post hoc test with Bonferroni correction. The significance level
was set at p < 0.05 within all tests. Statistical analysis was performed
with R statistical analysis software version 4.1.3 for Windows (R
Foundation for Statistical Computing, Vienna, Austria).

3. Results

DSC analysis in the range from —40 °C to 240 °C showed Tg at 79.9
°C for CP, 92.2 °C for ZA, and 107.1 °C for ZF, while TC-85 showed a
much lower Tg of 42.3 °C (Table 2). Furthermore, structural stability in
TC-85 material was observed, which differs from the behavior in other
thermoformable materials (Fig. 2, Supplements 1-3).

DMA was conducted within the temperature range of 20 °C-45 °C.
The thermoformable materials (CP, ZA, ZF) showed minimal variations
in storage modulus with increasing temperature or frequency. In
contrast, TC-85 displayed a prominent decrease in the storage modulus
as the temperature increased, together with an elevation of the storage
modulus on increasing frequency. Additionally, the storage modulus
was around 1000 MPa for CP, approximately 1500 MPa for ZA, and
roughly 800 MPa for ZF. While, the storage modulus of TC-85 displayed
considerable fluctuations in response to variations in both temperature
and frequency, ranging from 100 MPa to as high as 3000 MPa (Fig. 4).

The shape recovery evaluation (at 30 °C, 37 °C, and 45 °C) pointed to
negligible shape recovery characteristics (1.5 %-2.9 %) among the three
thermoformed materials, namely CP, ZA, and ZF. On the opposite, the
TC-85 material displayed 8.4 % recovery at 30 °C, which increased
dramatically with higher temperatures reaching 54.9 % at 37 °C and
86.1 % at 45 °C (Table 3).

In the 3 PB test (at 30 °C, 37 °C, and 45 °C), the highest force mea-
surements were observed for ZA at both 30 °C and 37 °C, while TC-85
consistently exhibited the lowest values across all temperatures. At 30
°C, there was no significant statistical difference between the ZF and CP
groups, but at oral temperature (37 °C), the CP group displayed higher
force values. At 45 °C, there was no significant statistical difference
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Fig. 2. Differential scanning calorimetry (DSC) graph for a 3D printed aligner material (Tera Harz TC-85).

among the three thermoformed materials (CP, ZA, ZF). As the temper-
ature rises, CP maintains consistent force levels, in contrast to other
materials that exhibit a decrease in force over time (Fig. 5).

Among the as-received thermoformable sheets, the highest Vickers
microhardness values were recorded for ZA, followed by ZF, and then
CP. A significant reduction in microhardness was observed after ther-
moforming in both ZA and ZF, whereas CP exhibited no change. TC-85
displayed hardness values that were comparable to the thermoformed
ZF at room temperature (Table 4).

4. Discussion

Conventional manufacturing process of thermoformed aligners in-
volves printing of dental models followed by thermoforming of plastic
sheets. This process is accompanied with many geometric inaccuracies
and irregularity of the thickness of the aligner (Elshazly et al., 2022a),
leading to uncertainties in aligner performance and treatment outcomes
(Park et al.; Min et al., 2010a). To address this drawback, a 3D printing
procedure has been proposed (Tartaglia et al., 2021). Furthermore, an
important concern associated with conventional aligners is their sus-
ceptibility to stress relaxation while being worn, which leads to a
reduction in the applied force. This phenomenon typically occurs within
a few hours of the aligner being inserted into the patient’s mouth
(Lombardo et al., 2016; Elshazly et al., 2023a; Chen et al., 2023; Var-
dimon et al., 2010). For such reasons, continuous advancements are
undertaken to enhance orthodontic aligner effectiveness and patient
experience, such as the utilization of shape memory polymers (SMPs)
(Elshazly et al., 2021, 2022b; Lee et al., 2022). The unique long-term
shape memory property enhances aligner’s adaptation, facilitates its
placement, and maintains consistent pressure by aligner on the teeth
(Elshazly et al., 2021, 2022b). With that in mind, the aim of this research

was to shed light on the physiochemical and mechanical properties of 3D
printed shape-memory aligners as compared to thermoformed ones.

The DSC test is a thermo-analytical technique used to examine ma-
terial structural behavior and phase changes at varying temperatures. It
plays a crucial role in understanding the properties of polymers and is
used to measure the glass transition temperature (Tg) (Schick, 2009).
The Tg represents the temperature range at which a thermosetting
polymer undergoes a transition from a glassy rigid state to a rubbery
more flexible state. At temperatures higher than Tg, Van der Waals in-
teractions are weakened, allowing movement of polymer chains (Zin
et al., 2019).

Current DSC results revealed major differences between the inves-
tigated materials, where TC-85 exhibited a remarkably lower Tg of 42.3
°C, compared to CP, ZA, and ZF, whose Tg were 79.9 °C, 92.2 °C, and
107.1 °C respectively. This variation in Tg can be attributed to the
composition of each material outlined in Table 1. The investigated
thermoformed aligner materials (CP, ZA, ZF) are made up of PETG, TPU,
or a hybrid multi-layer mixture of TPU and PETG, with different degrees
of crystallinity which affect the properties of each aligner (Daniele et al.,
2021). Multi-layered CP exhibits Tg within the typical range of
PETG-based polymers (79.9 °C) and some TPU-based polymers (lijima
et al., 2015). Conversely, the heightened Tg observed in multi-layered
ZF (107.1 °C) can be attributed to its increased crystallinity (Daniele
et al., 2021), a characteristic that is also reflected in its higher hardness
value recorded in the current study.

Moreover, PETG and TPU are high molecular weight copolymers that
possess aromatic rings which lead to a strong pi-pi stacking interaction,
and hence a high Tg (Hunter and Sanders, 1990). However, TC-85 is
composed of an aliphatic vinyl ester—urethane polymer, with methac-
rylate functionalization, as revealed by a recent ATR-FTIR study (Can
et al., 2022). The interactions between the aliphatic polymer chains, as
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Fig. 3. Measurement of the initial angle (0 initial) and the recovery angle (0 final) of aligner material strips using ImageJ software in order to calculate the shape

recovery percentage.

Table 2
Glass Transition Temperature (Tg) measured by differential scanning calorim-
etry (DSC) for different orthodontic aligner materials.

Material CA Pro Zendura A Zendura FLX TC-85

Tg (°C) 79.9 92.2 107.1 42.3

in TC-85, are comparatively weaker than those observed aromatic
chains, as in PETG and TPU (Olabis, 2012). Consequently, TC-85 ex-
hibits a lower Tg. It’s also important to highlight that in the present
study, the Tg is represented as the midpoint of the DSC curve, yet the
actual shape memory behavior is observed from the initiation of the DSC
curve. The DSC curve for TC-85 begins at 30.4 °C, which is below the
typical oral temperature, providing clear evidence that TC-85 exhibits
shape memory properties within the oral cavity.

Lee et al. (2022) reported Tg of TC-85 at 69.85 °C using DMA. This
discrepancy arises because the two different applied techniques, DSC
and DMA, assess various manifestations of the glass transition, whereas
Tg recorded by DMA has higher values (Dalaie et al., 2021). DSC is
primarily responsive to alterations in heat capacity, whereas DMA is
attuned to a mechanical relaxation phenomenon and depends on the
mechanical frequency executed by the test (Gracia-Fernandez et al.,
2010). Using DSC, Daniele et al. (2021) reported the Tg of 96.9 °C for ZF,
which differs from our findings (107.1 °C). This disparity could be
attributed to variations in the methodology employed to determine Tg
from their DSC results. Also, in our study, Tg was determined by iden-
tifying the midpoint during the second heating cycle, whereas the
midpoint during the cooling cycle was found to be 97.5 °C.

Furthermore, current DSC graphs revealed that TC-85 material
maintains its structural stability at elevated temperatures, a character-
istic may be attributed to its cross-linked structure. This behavior con-
trasts with that observed in other thermoformed materials, which

undergo phase changes at higher temperatures. This can offer clinical
advantages by enabling the disinfection or, more precisely, sterilization
of the aligner both before and during its use. However, additional
research is required to ensure that sterilization at elevated temperatures
will not have an adverse impact on the aligner’s performance.

DMA has proven to be an important tool for examining the behavior
of polymer structures, exploring polymer relaxations, and understand-
ing how polymers respond to various stress and temperature conditions.
Below Tg, where the polymer is in a glassy state, the storage modulus,
which is the ratio of viscous stress to strain, is usually high. At Tg,
storage modulus decreases rapidly, where the polymer starts to shift to
the rubbery state (Zin et al., 2019). In this context, the results of the
ongoing DMA analysis may become clearer, particularly with regard to
the significant discrepancies in storage modulus observed between 20 °C
and 45 °C for the TC-85 material, whose Tg is 42.3 °C. For the ther-
moformed materials, storage modulus showed almost no changes since
the temperature range lies way below their Tg as recorded by the DSC.
Also, the increase in storage modulus with increasing frequency in
TC-85 material indicates a gradual increase in static force during cyclic
loads, this might offer clinical advantages since it can help minimize
force decay and preserve the orthodontic force exerted by the aligners
(Lee et al., 2022).

The shape memory mechanism in thermo-responsive SMPs relies on
the presence of at least two structural phases: a stable network phase
that defines the original shape and a reversible switching phase that
establishes the temporary shape. Each of these phases possesses distinct
chemical characteristics and exhibits different Tg. The shape recovery
temperature is related to Tg of the reversible switching phase (Elshazly
et al., 2021, 2022b). This aligns with the interpretation of the current
DSC, DMA, and shape recovery outcomes. Shape recovery test is used to
determine how much the material will retain its original form after
exposure to a suitable thermal stimulus (Elshazly et al., 2021; Lee et al.,
2022). The TC-85 material showed low recovery of 8.4 % at 30 °C, which
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Fig. 4. Dynamic mechanical analysis (DMA) at different temperatures for different aligner materials; a) Tera Harz TC-85, b) CA Pro, c) Zendura A, d) Zendura FLX.

Table 3
Intergroup comparison of shape recovery angle and recovery percentage at different temperatures for different aligner materials.
Temperature CA Pro Zendura A Zendura FLX TC-85 p-value
30°C Recovery Angle (Degree) 3.2+ 1.0° 3.0 + 0.9° 2.7 +1.28 15.2 + 4.5% <0.001*
Recovery% 1.8% 1.7 % 1.5% 8.4 %
37°C Recovery Angle (Degree) 4.0 + 0.9° 3.5+ 0.8° 3.3+1.0° 98.8 + 6.2 <0.001*
Recovery% 22% 1.9% 1.9% 54.9 %
45°C Recovery Angle (Degree) 5.2+ 1.9° 4.0 +1.4% 3.7 + 1.6° 155.0 + 5.7% <0.001*
Recovery% 29 % 2.2% 2.0% 86.1 %
30°C =37°C =45°C
5.0
4.0
Z
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—
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=
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Materials

Fig. 5. Maximum flexural force on a 2 mm deflection for different aligner materials at different temperatures.
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Table 4
Vickers microhardness values for different orthodontic aligner materials at room
temperature.

Stage Surface hardness (Mean =+ SD) p-value

CA Pro Zendura A Zendura TC-85
FLX

As-received 2.7 + 13.4 + 10.3 £ NA <0.001*
0.1% 0.3% 0.2%a

Thermoformed/3D 2.7 + 12.0 + 7.9+ 8.1+ <0.001*

Printed 0.1 0.24° 0.3% 0.9°
p-value 0.899 <0.001* <0.001* NA

Different upper and lowercase superscript letters indicate a statistically signifi-
cant difference within the same horizontal row and vertical column respectively;
*significant (p < 0.05).

is rational since it is 12 °C below the Tg (42.3 °C). This shape recovery
increased dramatically with temperature to reach 54.9 % at 37 °C, and
up to 86.1% at 45 °C, in agreement with the findings of Lee et al. (2022).
However, Lee et al. documented that the complete shape recovery pro-
cess takes longer than 1 h to reach 100%. On the other hand, thermo-
formed aligners exhibited very minimal recovery (1.5 %-2.9 %), since
the test temperature range (30, 37, 40 °C) is far below their Tg (Table 2).
This small recovery percentage with thermoformed sheets may be
attributed to their stress relaxation property (Wang et al., 2017).
Furthermore, TPU-based materials comprise alternating sequences of
rigid and flexible segments, which facilitate the manifestation of a shape
memory effect but become more pronounced at elevated temperatures
(Elshazly et al., 2021; lijima et al., 2015).

One important mechanical property to be considered during me-
chanical analysis of orthodontic aligner materials is the flexure strength
during deflection, measured by 3 PB test. It assess the effectiveness of
aligners in facilitating tooth movement, with the concept that the
malaligned tooth applies deflection to the aligner while the adjacent
teeth serve as anchorage points, similar to the behavior of a bow
(Elshazly et al., 2022b; Ryu et al., 2018). The flexural force is directly
proportional to the flexure modulus and the third power of the thickness
in the bending direction (Elshazly et al., 2022b). The study design was
implemented to replicate the aligner deflection caused by a 2 mm
malalignment of upper central incisor. Hence, the span length in the 3
PB test, representing the distance between the two supports, was
established at 24 mm, equal to the combined average widths of the two
maxillary central incisors and one lateral incisor. The specimen was
vertically deflected at its center, reaching a maximum of 2 mm (Kwon
et al., 2008; Elshazly et al., 2023b).

Many studies (Elshazly et al., 2022b; Ryu et al., 2018; Kwon et al.,
2008; Min et al., 2010b) used this test to determine the maximum
flexural strength of the aligner materials. The outcomes of the current 3
PB test come in agreement with Lombardo et al. (2016) that the
single-layer aligner sheets, like ZA, exhibit significantly greater stiffness
compared to multi-layer aligner sheets, such as CP and ZF, leading to a
higher generation initial forces. It can also be argued that ZA is exclu-
sively composed of TPU, which inherently possesses higher rigidity
compared to PETG (Olabis, 2012). This observation aligns with the
storage modulus values recorded for each material through DMA. Also,
consistent with Lee et al. (2022), conventional thermoformed aligners
exhibited significantly higher strength compared to TC-85 aligners.

In clinical practice, orthodontic forces ranging from 0.1 to 1.2 N are
recommended, with the specific force level depending on the type of
tooth movement required (Proffit et al., 2000). The study outcomes
showed that the low flexural force of TC-85, in contrast to conventional
thermoformed materials, is more compatible to orthodontic tooth
movement. Moreover, due to the shape memory characteristic of TC-85,
the aligners can consistently exert orthodontic forces on the teeth at
standard body temperature, with no discernible force decay. This com-
bination can also allow an extended elastic range and thus a more
substantial degree of tooth movement per step without inducing
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permanent deformation for the aligner or any violation to the biological
structures. This capability may serve as a potential approach to reduce
the number of aligners required for a treatment regimen. In the same
context, Elshazly et al. (2022b) measured forces generated by 4D ma-
terials in the range of 0.3 N-0.7 N. Additionally, Nakasima et al. (1991)
reported the capability of orthodontic wires made of SMPs to generate
gentle but persistent forces suitable for orthodontic tooth movements.

Surface hardness is an important parameter in evaluation of ortho-
dontic appliances. It is an indication of appliance surface roughness,
color stability, ability to retain plaque, and crack initiation with subse-
quent fracture (Maleki et al., 2023). Moreover, there is a strong relation
between the hardness of aligner and the amount of applied force by it
(Kohda et al., 2013). Several previous studies (Dalaie et al., 2021;
Albilali et al., 2023; Alhendi et al., 2022) on aligner materials have re-
ported hardness measurements using the Vickers method. The deliberate
and well-founded selection of a Vickers hardness tester to evaluate the
hardness of the polymer sheet is based on its versatility and suitability
for a broad spectrum of materials, encompassing polymers (Low, 1998).
In the present study, there were significant variations in hardness
measurements among the four tested materials. A direct correlation can
be established between hardness on one side and the material compo-
sition on the other side (Pratto et al., 2022). The microhardness value
remained consistent for CP after undergoing thermoforming, while it
exhibited a significant decrease for both the ZA and ZF groups. That can
be attributed to a decrease in the crystallinity fraction, resulting from
the relaxation occurring between polymer chains (Pratto et al., 2022),
especially that ZF showed high crystallinity (Daniele et al., 2021).

The hardness values of the TC-85 material remained similar to those
of the ZF material, in agreement with a recent study (Can et al., 2022).
According to the current DMA results, at room temperature (25 °C),
TC-85 exhibits a high storage modulus compared to other thermoformed
materials. However, this modulus significantly decreases at elevated
temperatures, potentially affecting its mechanical properties, including
hardness. It’s important to note that one limitation of the present study
is that the hardness tests were conducted at room temperature. There-
fore, to obtain hardness values more relevant to clinical conditions, a
specialized setup should be employed to measure hardness at various
temperatures.

Indeed, there are other limitations of the present study. Firstly, it did
not account for the potential influence of oral aging conditions on the
physiochemical and mechanical characteristics of the examined mate-
rials. Secondly, the geometric configuration of the test specimens, being
rectangular, is different from the actual shape of clinical aligners,
potentially introducing variances in their mechanical properties
(Elshazly et al., 2023a; Kwon et al., 2008). Also in reference to the 2D
shape recovery test, previous studies on shape memory polymers have
documented it as a proof of concept and preliminary assessment
(Lendlein and Kelch, 2002). Nonetheless, it is crucial to recognize that
the 3D behavior of the aligner splint may differ. Hence, further studies
are necessary to explore additional characteristics using full anatomical
aligners and across diverse testing conditions. Furthermore, additional
experimental studies and clinical trials are essential for a comprehensive
assessment of the performance and long-term implications associated
with clear aligners fabricated using shape memory polymers and 3D
printing resin.

5. Conclusion

The material assessment of thermoformed and 3D printed aligner
materials revealed the subsequent observations:

a) The glass transition temperature of thermoformed aligner materials
exceeds the range of oral temperatures, but for Tera Harz TC-85 3D
printed aligner material, its Tg is 42.3 °C, and DSC heat absorption
curve starts at 30.4 °C, enabling the aligners to adapt and activate
their shape memory properties under oral conditions.
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b) Tera Harz TC-85 3D printed materials showed excellent shape
memory in the oral temperature range (4D property). This allows for
better adaptation and less force loss.

c) Thermoformed single-layer sheets (such as Zendura A) exhibit
greater stiffness compared to thermoformed multi-layer sheets (such
as Zendura FLX and CA Pro). In turn, thermoformed sheets demon-
strate higher stiffness levels than 3D printed Tera Harz TC-85 at oral
temperature.

d) The hardness of the 3D printed Tera Harz TC-85 material is com-
parable to that of thermoformed conventional sheets.

Compliance with ethics requirements

This article does not contain any studies with human or animal
subjects.

Funding

This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.

Institutional review board statement
Not Applicable.
Informed consent statement
Not Applicable.
CRediT authorship contribution statement

Islam Atta: Methodology, Investigation. Christoph Bourauel:
Writing — review & editing, Supervision, Project administration, Data
curation. Yasmine Alkabani: Writing — review & editing, Writing —
original draft, Visualization, Methodology, Investigation, Data curation,
Conceptualization. Nesreen Mohamed: Writing — review & editing,
Methodology, Investigation. Hoon Kim: Writing — review & editing,
Resources, Investigation, Data curation. Abdulaziz Alhotan: Resources,
Writing — review & editing. Ahmed Ghoneima: Writing — review &
editing, Resources. Tarek Elshazly: Writing — review & editing, Writing
—original draft, Visualization, Validation, Supervision, Software, Project
administration, Methodology, Investigation, Formal analysis, Data
curation, Conceptualization.

Declaration of generative Al and Al-assisted technologies in the
writing process

During the preparation of this work the authors used ChatGPT Al tool
in order to improve the readability of the English language. After using
this tool, the authors reviewed and edited the content as needed and take
full responsibility for the content of the publication.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability
Data will be made available on request.

Acknowledgments

Authors would like to thank Mrs. Andrea Michel at Institute for
Pharmaceutical Technology und Biopharmacy of Heinrich-Heine-

Journal of the Mechanical Behavior of Biomedical Materials 150 (2024) 106337

University in Dusseldorf, Germany for her help in DSC analysis.
The authors thank the Researchers Supporting Project Number
(RSPD2023R790), King Saud University, Riyadh, Saudi Arabia.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jmbbm.2023.106337.

References

Albilali, A.T., Baras, B.H., Aldosari, M.A., 2023. Evaluation of mechanical properties of
different thermoplastic orthodontic retainer materials after thermoforming and
thermocycling. Polymers 15, 1610.

Alhendi, A., Khounganian, R., Ali, R., Syed, S.A., Almudhi, A., 2022. Structural
conformation comparison of different clear aligner systems: an in vitro study. Dent.
J. 10, 73.

Ashari, A., Mohamed, A.M., 2016. Relationship of the Dental Aesthetic Index to the oral
healthrelated quality of life. Angle Orthod. 86, 337-342.

Bourauel, C., Drescher, D., Thier, M., 1992. An experimental apparatus for the simulation
of threedimensional movements in orthodontics. J. Biomed. Eng. 14, 371-378.

Can, E., Panayi, N., Polychronis, G., Papageorgiou, S.N., Zinelis, S., Eliades, G.,
Eliades, T., 2022. Inhouse 3D-printed aligners: effect of in vivo ageing on mechanical
properties. EJO (Eur. J. Orthod.) 44, 51-55.

Chen, S.M., Huang, T.H., Ho, C.T., Kao, C.T., 2023. Force degradation study on aligner
plates immersed in various solutions. J. Dent. Sci. 18, 1845-1849.

Cremonini, F., Vianello, M., Bianchi, A., Lombardo, L., 2022. A spectrophotometry
evaluation of clear aligners transparency: comparison of 3D-printers and
thermoforming disks in different combinations. Appl. Sci. 12, 11964.

Dalaie, K., Fatemi, S.M., Ghaffari, S., 2021. Dynamic mechanical and thermal properties
of clear aligners after thermoforming and aging. Prog. Orthod. 22, 1-11.

Daniele, V., Macera, L., Taglieri, G., Spera, L., Marzo, G., Quinzi, V., 2021. Color
stability, chemico- physical and optical features of the most common PETG and PU
based orthodontic aligners for clear aligner therapy. Polymers 14, 14.

Elshazly, T.M., Keilig, L., Alkabani, Y., Ghoneima, A., Abuzayda, M., Talaat, S.,
Bourauel, C.P., 2021. Primary evaluation of shape recovery of orthodontic aligners
fabricated from shape memory polymer (a typodont study). Dent. J. 9, 31.

Elshazly, T.M., Keilig, L., Salvatori, D., Chavanne, P., Aldesoki, M., Bourauel, C., 2022a.
Effect of trimming line design and edge extension of orthodontic aligners on force
transmission: an in vitro study. J. Dent. 125, 104276.

Elshazly, T.M., Keilig, L., Alkabani, Y., Ghoneima, A., Abuzayda, M., Talaat, W.,
Talaat, S., Bourauel, C.P., 2022b. Potential application of 4D technology in
fabrication of orthodontic aligners. Front. Mater. 8, 794536.

Elshazly, T.M., Nang, D., Golkhani, B., Elattar, H., Keilig, L., Bourauel, C., 2023a. Effect
of thermomechanical aging of orthodontic aligners on force and torque generation:
an in vitro study. J. Mech. Behav. Biomed. Mater. 143, 105911.

Elshazly, T.M., Bourauel, C., Aldesoki, M., Ghoneima, A., Abuzayda, M., Talaat, W.,
Talaat, S., Keilig, L., 2023b. Computer-aided finite element model for biomechanical
analysis of orthodontic aligners. Clin. Oral Invest. 27, 115-124.

Golkhani, B., Weber, A., Keilig, L., Reimann, S., Bourauel, C., 2022. Variation of the
modulus of elasticity of aligner foil sheet materials due to thermoforming. Journal of
Orofacial Orthopedics/Fortschritte der Kieferorthopadie 83, 233-243. https://doi.
org/10.1007/s00056-021-00327-w.

Gracia-Fernandez, C.A., Gomez-Barreiro, S., Lopez-Beceiro, J., Saavedra, J.T., Naya, S.,
Artiaga, R., 2010. Comparative study of the dynamic glass transition temperature by
DMA and TMDSC. Polym. Test. 29, 1002-1006.

Hunter, C.A., Sanders, J.K., 1990. The nature of. pi.-. pi. interactions. J. Am. Chem. Soc.
112, 5525-5534.

lijima, M., Kohda, N., Kawaguchi, K., Muguruma, T., Ohta, M., Naganishi, A.,
Mizoguchi, 1., 2015. Effects of temperature changes and stress loading on the
mechanical and shape memory properties of thermoplastic materials with different
glass transition behaviours and crystal structures. EJO (Eur. J. Orthod.) 37, 665-670.

Jindal, P., Juneja, M., Siena, F.L., Bajaj, D., Breedon, P., 2019. Mechanical and geometric
properties of thermoformed and 3D printed clear dental aligners. Am. J. Orthod.
Dentofacial Orthop. 156, 694-701.

Jindal, P., Worcester, F., Siena, F.L., Forbes, C., Juneja, M., Breedon, P., 2020.
Mechanical behaviour of 3D printed vs thermoformed clear dental aligner materials
under non-linear compressive loading using FEM. J. Mech. Behav. Biomed. Mater.
112, 104045.

Koenig, N., Choi, J.Y., McCray, J., Hayes, A., Schneider, P., Kim, K.B., 2022. Comparison
of dimensional accuracy between direct-printed and thermoformed aligners. Korean
J. Orthod. 52, 249-257.

Kohda, N., lijima, M., Muguruma, T., Brantley, W.A., Ahluwalia, K.S., Mizoguchi, I.,
2013. Effects of mechanical properties of thermoplastic materials on the initial force
of thermoplastic appliances. Angle Orthod. 83, 476-483.

Kwon, J.S., Lee, Y.K., Lim, B.S., Lim, Y.K., 2008. Force delivery properties of
thermoplastic orthodontic materials. Am. J. Orthod. Dentofacial Orthop. 133,
228-234.

Lee, S.Y., Kim, H., Kim, H.J., Chung, C.J., Choi, Y.J., Kim, S.J., Cha, J.Y., 2022. Thermo-
mechanical properties of 3D printed photocurable shape memory resin for clear
aligners. Sci. Rep. 12, 6246.

Lendlein, A., Kelch, S., 2002. Shape- memory polymers. Angew. Chem. Int. Ed. 41,
2034-2057.


https://doi.org/10.1016/j.jmbbm.2023.106337
https://doi.org/10.1016/j.jmbbm.2023.106337
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref1
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref1
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref1
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref2
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref2
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref2
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref3
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref3
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref4
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref4
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref5
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref5
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref5
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref6
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref6
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref7
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref7
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref7
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref8
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref8
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref9
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref9
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref9
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref10
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref10
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref10
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref11
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref11
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref11
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref12
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref12
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref12
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref13
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref13
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref13
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref14
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref14
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref14
https://doi.org/10.2139/ssrn.4414741
https://doi.org/10.2139/ssrn.4414741
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref16
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref16
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref16
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref17
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref17
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref18
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref18
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref18
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref18
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref19
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref19
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref19
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref20
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref20
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref20
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref20
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref21
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref21
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref21
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref22
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref22
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref22
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref23
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref23
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref23
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref24
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref24
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref24
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref25
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref25

I Atta et al.

Liu, C., Qin, H., Mather, P.T., 2007. Review of progress in shape-memory polymers.
J. Mater. Chem. 17, 1543-1558.

Lombardo, L., Martines, E., Mazzanti, V., Arreghini, A., Mollica, F., Siciliani, G., 2016.
Stress relaxation properties of four orthodontic aligner materials: a 24-hour in vitro
study. Angle Orthod. 87, 11-18. https://doi.org/10.2319/113015-813.1.

Low, .M., 1998. Effects of load and time on the hardness of a viscoelastic polymer.
Mater. Res. Bull. 33 (12), 1753-1758.

Maleki, E., Bagherifard, S., Guagliano, M., 2023. Correlation of residual stress, hardness
and surface roughness with crack initiation and fatigue strength of surface treated
additive manufactured AlSi10Mg: experimental and machine learning approaches.
J. Mater. Res. Technol. 24, 3265-3283.

Martorelli, M., Gerbino, S., Giudice, M., Ausiello, P., 2013. A comparison between
customized clear and removable orthodontic appliances manufactured using RP and
CNC techniques. Dent. Mater. 29, el-el0.

Meng, H., Li, G., 2013. A review of stimuli-responsive shape memory polymer
composites. Polymer 54, 2199-2221.

Min, S., Hwang, C.J., Yu, H.S., Lee, S.B., Cha, J.Y., 2010a. The effect of thickness and
deflection of orthodontic thermoplastic materials on its mechanical properties.
Korean J. Orthod. 40, 16-26.

Min, S., Hwang, C.J., Yu, H.S., Lee, S.B., Cha, J.Y., 2010b. The effect of thickness and
deflection of orthodontic thermoplastic materials on its mechanical properties.
Korean J. Orthod. 40, 16-26.

Momtaz, P., 2016. The effect of attachment placement and location on rotational control
of conical teeth using clear aligner therapy. UNLV Theses, Dissertations, Professional
Papers, and Capstones 2712. https://digitalscholarship.unlv.edu/thesesdissertat
ions/2712.

Moutawakil, A., Bennamar, F., EL Aouame, A., Alami, S., 2021. Biomechanics of aligners:
literature review. Adv Dent & Oral Health 13, 555872. https://doi.org/10.19080/
ADOH.2021.13.555872.

Nakasima, A., Hu, J.R., Ichinose, M., Shimada, H., 1991. Potential application of shape
memory plastic as elastic material in clinical orthodontics. Eur. J. Orthod. 13,
179-186.

Olabis, O., 2012. Polymer-polymer Miscibility. Elsevier.

Park SY, Choi SH, Yu HS, Kim SJ, Kim H, Kim KB, and Cha JY. Comparison of thickness,
gap width and translucency for 3D-printed and thermoformed clear aligners: A
micro-CT analysis. https://doi.org/10.21203/1s.3.rs-2512327/v1..

Peeters, B., Kiratli, N., Semeijn, J., 2019. A barrier analysis for distributed recycling of 3D
printing waste: taking the maker movement perspective. J. Clean. Prod. 241,
118313.

Journal of the Mechanical Behavior of Biomedical Materials 150 (2024) 106337

Pratto, 1., Busato, M.C.A., Bittencourt, P.R.S., 2022. Thermal and mechanical
characterization of thermoplastic orthodontic aligners discs after molding process.
J. Mech. Behav. Biomed. Mater. 126, 104991.

Proffit, W.R., Fields, H.W., Sarver, D.M., Ackerman, J.L., 2000. Contemporary
Orthodontics. Mosby, St. Louis. Mo.

Ryu, J.H., Kwon, J.S., Jiang, H.B., Cha, J.Y., Kim, K.M., 2018. Effects of thermoforming
on the physical and mechanical properties of thermoplastic materials for transparent
orthodontic aligners. The Korean Journal of Orthodontics 48, 316-325.

Schick, C., 2009. Differential scanning calorimetry (DSC) of semicrystalline polymers.
Anal. Bioanal. Chem. 395, 1589-1611.

Shivapuja PK, Shah D, Shah N, and Shah S. U.S. Patent No. 10,179,035. Washington, DC:
U.S. Patent and Trademark Office..

Tamer, 1., Oztas, E., Marsan, G., 2019. Orthodontic treatment with clear aligners and the
scientific reality behind their marketing: a literature review. Turkish J. Orthod. 32,
241-246.

Tartaglia, G.M., Mapelli, A., Maspero, C., Santaniello, T., Serafin, M., Farronato, M.,
Caprioglio, A., 2021. Direct 3D printing of clear orthodontic aligners: current state
and future possibilities. Materials 14, 1799.

Thukral, R., Gupta, A., 2015. Invisalign: invisible orthodontic treatment-a review. J. Adv.
Med. Dent. Sci. Res. 3, S42-544.

Upadhyay, M., Arqub, S.A., 2022. Biomechanics of clear aligners: hidden truths & first
principles. Journal of the World Federation of Orthodontists 11, 12-21. https://doi.
org/10.1016/j.ejwf.2021.11.002.

Vardimon, A.D., Robbins, D., Brosh, T., 2010. In-vivo von Mises strains during Invisalign
treatment. Am. J. Orthod. Dentofacial Orthop. 138, 399-409.

Wang, Z., Liu, J., Guo, J., Sun, X., Xu, L., 2017. The study of thermal, mechanical and
shape memory properties of chopped carbon fiber-reinforced tpi shape memory
polymer composites. Polymers 9, 594.

Yassir, Y.A., Nabbat, S.A., McIntyre, G.T., Bearn, D.R., 2022. Clinical effectiveness of
clear aligner treatment compared to fixed appliance treatment: an overview of
systematic reviews. Clin. Oral Invest. 26, 2353-2370.

Zin, M.H., Abdan, K., Norizan, M.N., 2019. The effect of different fiber loading on
flexural and thermal properties of banana/pineapple leaf (PALF)/glass hybrid
composite. In: Structural Health Monitoring of Biocomposites, Fibre-Reinforced
Composites and Hybrid Composites. Woodhead Publishing Series in Composites
Science and Engineering, pp. 1-17.


http://refhub.elsevier.com/S1751-6161(23)00691-4/sref26
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref26
https://doi.org/10.2139/ssrn.4414741
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref28
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref28
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref29
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref29
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref29
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref29
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref30
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref30
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref30
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref31
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref31
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref32
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref32
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref32
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref33
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref33
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref33
https://digitalscholarship.unlv.edu/thesesdissertations/2712
https://digitalscholarship.unlv.edu/thesesdissertations/2712
https://doi.org/10.2139/ssrn.4414741
https://doi.org/10.2139/ssrn.4414741
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref36
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref36
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref36
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref37
https://doi.org/10.21203/rs.3.rs-2512327/v1
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref39
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref39
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref39
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref40
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref40
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref40
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref41
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref41
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref42
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref42
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref42
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref43
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref43
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref45
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref45
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref45
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref46
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref46
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref46
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref47
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref47
https://doi.org/10.2139/ssrn.4414741
https://doi.org/10.2139/ssrn.4414741
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref49
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref49
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref50
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref50
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref50
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref51
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref51
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref51
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref52
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref52
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref52
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref52
http://refhub.elsevier.com/S1751-6161(23)00691-4/sref52

	Physiochemical and mechanical characterisation of orthodontic 3D printed aligner material made of shape memory polymers (4D ...
	1 Introduction
	2 Materials and Methods
	2.1 Materials
	2.2 Specimens preparation
	2.3 Testing
	2.3.1 Differential scanning calorimetry (DSC)
	2.3.2 Dynamic mechanical analysis (DMA)
	2.3.3 Shape recovery test
	2.3.4 Three-point bending test (3 ​PB)
	2.3.5 Surface microhardness

	2.4 Statistical analysis

	3 Results
	4 Discussion
	5 Conclusion
	Compliance with ethics requirements
	Funding
	Institutional review board statement
	Informed consent statement
	CRediT authorship contribution statement
	Declaration of generative AI and AI-assisted technologies in the writing process
	Declaration of competing interest
	Data availability
	Acknowledgments
	Appendix A Supplementary data
	References


