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OPEN A study on the compressive

strength of three-dimensional
direct printing aligner material for
specific designing of clear aligners
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Background The demand for orthodontic treatment using clear aligners has been gradually increasing
because of their superior esthetics compared with conventional fixed orthodontic therapy. This

study aimed to evaluate and compare the compressive strength of three-dimensional direct printing
aligners (3DPA) with that of conventional thermo-forming aligners (TFA) to determine their clinical
applicability. In the experimental group, the 3DPA material TC-85 (TC-85 full) was used to create
angular protrusions called rectangular pressure areas (RPA). A protrusion akin to the power ridge
typically employed in conventional TFAs was created using glycol-modified polyethylene terephthalate
(PETG; Control 1). RPA was created using the same TC-85 without filling the protrusions (TC-85 blank;
Control 2). Compression cycle tests were conducted on an LTM 3 h electrodynamic testing machine
(Zwick Roell, Germany), with 500 cycles and compression depths of 100, 300, 500, and 700 pm. Twenty
specimens were tested for PETG, 17 for the TC-85 blank, and 19 for the TC-85 full.

Results Changes in the compressive force were assessed based on the material and thickness. The
results indicated significantly higher and broader ranges of compressive strength for specimens
fabricated with the 3DPA material TC-85 compared with those fabricated using PETG. Among the TC-85
specimens, TC-85 full demonstrated the highest statistically significant compressive strength .
Conclusions 3DPA technology enables precise modifications in the shape and inner thickness at
specific dental sites, including the creation of ridges in targeted areas, of aligners. These alterations
enhance the biomechanical capability of aligners to exert selective forces necessary for desired tooth
movement while reducing the number of attachments, thereby demonstrating the clinical potential of
3D-printed aligners in orthodontic treatment.
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Abbreviations

3DPA  Three-dimensional direct printing aligners
TFA Thermo-forming aligners

RPA Rectangular pressure areas

PETG  Glycol-modified polyethylene terephthalate
CPR Customized pressure region
Background

With the increasing general interest in appearance, the demand for treatments using clear aligners has been
gradually increasing to meet the esthetic needs of patients!. Unlike fixed appliances, clear aligners do not require
the attachment of brackets to the teeth and offer greater esthetic advantages owing to their transparent material
composition. Although high patient compliance for continuous force exertion on the teeth, combined with the
practitioner’s biomechanical knowledge is critical, clear aligners can function effectively as esthetic devices in
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orthodontics with the formulation of a well-designed treatment plan and proper adherence to the practitioner’s
instructions®”.

In orthodontic treatment using clear aligners, the presence of attachments is a critical factor for the efficient
correction of rotated and displaced teeth®”. However, attachments tend to detach easily and compromise the
esthetics®. Therefore, bonding methods and techniques should be improved to ensure more effective attachment
adhesion and develop attachment designs that facilitate efficient tooth movement.

Meanwhile, instead of using attachments bonded directly to the teeth, altering the design of clear aligners
can enable effective tooth movement and efficient orthodontic treatment. Practically, clear aligners, such as
Invisalign (Align Technology, Tempe, USA), utilize modified designs such as the Power Ridge for the correction
of displaced teeth. McKay et al.” demonstrated that the creation of Pressure Columns enables effective tooth
movement in an in vitro study, which compared and analyzed the mechanical properties of three-dimensional
direct-printing aligners (3DPA) with those of traditional thermoforming aligners (TFA). The 3DPA has the
significant advantage of starting with a thinner pressure area in the initial stages of treatment and gradually
increasing the thickness, thereby approximating the optimized force required for tooth movement.

This study aimed to test whether specific design features of the 3DPA, such as the rectangular pressure area
(RPA) and customized pressure region (CPR), function at a clinically significant level for correcting malposed
teeth. The research involved the use of relevant measurement tools and programs to study the material properties.
The RPA is a non-customized ridge area on the clear aligner intended to promote tooth movement, similar in
concept to Invisalign”s Power Ridge. In contrast, the CPR is an improved version of the RPA, defined as the
ridge area on a clear aligner customized to correspond to the individual shape of each tooth for facilitating more
efficient tooth movement. A recent study® investigated the changes in the force applied to teeth and rotational
inertia by varying the outer thickness, but not the inner thickness, of clear aligners. A previous study compared
the effects of a power ridge and attachments using the finite element method for lingual root torque’; however,
it did not involve 3D printing with shape memory material.

Therefore, the present study aimed to investigate the changes in the mechanical properties of shape memory
3DPA by applying repeated pressure while varying the inner thickness in specific areas where force is assumed
to be applied, and explore the clinical applicability of these findings. Our study aimed to experimentally compare
the mechanical properties of the 3DPA material, TC-85 (Graphy, Seoul, Korea), and the TFA material, glycol-
modified polyethylene terephthalate (PETG), by repeatedly measuring their characteristics under different
compression stresses in vitro, which will help identify the differences between these materials. Our research will
serve as a starting point for the future design of customized inner surfaces of clear aligners and more efficient and
effective orthodontic treatments. The null hypothesis of the study was “there is no difference in the compressive
force due to the difference in material and thickness for each specimen”

Methods

The specimens used in this experiment were made of PETG and a 3D direct-printing photocurable resin. The
PETG specimens were prepared using 3 A MEDES Co.'s 3 A GS030 (Thickness: 0.75 mm, Korea). Orthodontic
aligners were directly printed with a 3D printer using TC-85 DAC (Graphy Inc., Korea). The manufacturing
process for each specimen was as follows. For the PETG specimens, a PETG sheet was placed on MINISTAR
S (SCHEU-DENTAL, Iserlohn, Germany) and heated for 30 s, with the maximum surface temperature of the
PETG sheet maintained below 60 °C. A vacuum pressure of 3.7 bar was applied to the prepared model, followed
by cooling for 1 min. After trimming the edges of the model, the specimens were trimmed to the appropriate size
for each sample. For the 3D direct-printed clear aligner specimens, a TC-85 DAC was used with an LCD-type 3D
printer Slash2 4 K (Uniz Inc., China) to print the experimental specimens directly. Post-curing was performed
using THC (Graphy Inc., Korea) under nitrogen for 20 min with a total energy exposure of 480 J at an ultraviolet
wavelength of 405 nm. Assuming a situation in which compressive force is transmitted to specific areas of the
teeth, the experimental group used TC-85, which was fabricated in the form of a rectangular protrusion termed
RPA, with a thickness of 1 mm (Fig. 1 right panel, TC-85 full). This is not a strictly customized form that follows
the curvature of individual teeth in the strict sense of CPR. For a comparative study of mechanical properties,
rectangular protrusions similar to the commonly used power ridges in traditional clear aligners were fabricated
using different materials. The experimental and control group 2 (Fig. 1, left panel) used TC-85 and were shaped
into rectangular protrusions. Control group 1 used PETG. The models with RPA were printed with a 3D printer.
Then, using a vacuum form with a PETG sheet, a thermoformed sheet was created which was cut to 7x 8 mm
rectangular specimen for the cyclic compression test. (Fig. 1, right panel). The experimental and control group 2
used the same material and shape; however, the experimental group had filled embossed areas, whereas Control
Group 2 did not. Because TC-85 (experimental group and control group 2) is a 3D printing material, it can be
printed with inclined surfaces, allowing selective pressure application to specific areas in a clinical setting. A
compression-cycle experiment was conducted using an LTM 3 h electrodynamic testing machine (Zwick Roell,
Germany). The crosshead speed of the cycle-testing equipment was fixed at 1 mm/s.

In this study, the number of specimens!'® and compression cycles'! were determined based on the results
of previous studies. First, the number of specimens was referenced from a previous study that investigated the
thermo-mechanical properties of the same material used in this study'®. That study used approximately 3 to 6
specimens, providing reasonable evidence within a 10% margin of error. In this study, employing 3-5 specimens
per group and depth combination was deemed suitable to minimize the risk of errors in mechanical properties
that might occur with the use of a single specimen, while also avoiding unnecessary duplication of specimens.
The average values of these specimens were used, and there was no statistical significance in the variation
between specimens.

Regarding the number of compression cycles based on depth, a previous in vitro study examining the impact
of thermocycling on clear aligners made from polyurethane recommended 600 cycles, equivalent to 20 cycles per
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Fig. 1. The design of the specimen. The right panel: TC-85 full & TC-85 blank, The left panel: PETG

day over a period of 30 days, to adequately simulate daily usage in the oral environment'!. Although 3D-printed
aligners, when produced in-house, can be replaced within days, adjustments to the setup or orders from external
manufacturers may extend the replacement time to 3-4 weeks. Given that an aligner might remain in use for this
duration, conducting 500 cycles was considered clinically reasonable to mirror the typical usage period.

Additionally, to estimate the necessary sample size of the specimens for this study, a power analysis was
performed using G*Power 3.1.9.4. Given the need for comparisons between different groups, ANOVA was
selected from the F-tests category. The analysis indicated that a minimum of 42 samples (14 per group) would
suffice to detect statistical significance at a p-value of <0.05 and a confidence level of 80%. To accommodate
potential drop-outs due to compression pressure, an additional 20% of samples were included, resulting in a final
recommendation of at least 17 samples per group.

Additionally, the study began with 20 specimens per group to account for any specimens that could not be
mounted on the electrodynamic testing machine due to volume defects.

The compression depths were set at 100, 300, 500, and 700 pm, respectively. The greatest advantage of DPA
is the ability to start with a low thickness variation and gradually increase to a higher thickness variation, so
four different thicknesses were selected. Considering in-house 3D printing, the resolution of 3D printers is
generally around 100 um, so the specimen thickness was increased in increments of 200 pm, starting at 100 pum.
The average thickness of human PDL is approximately 150-380 um!2. To prevent necrosis due to exceeding the
biological limit of compressing the PDL thickness by more than twice in one step, the thickest specimen was
designed at 700 pm.

For the PETG group (Control group 1), five specimens were used for a compression depth of 100 um, and
five specimens each for 300, 500, and 700 pm, totaling 20 specimens for the experiment. For the TC-85 blank
group (Control group 2), three specimens were used for a compression depth of 100 pum, four specimens for
300 pm, and five specimens each for 500 and 700 pm, totaling 17 specimens for the experiment. As predicted, it
was observed that the greatest volume defects occurred in the small, hollow protruding specimens. In the TC-85
full group (experimental group), five specimens were used for a compression depth of 100 pum, four specimens
for 300 pm, and five specimens each for 500 and 700 pm, totaling 19 specimens for the experiment. To evaluate
the consistency in specimen thickness, measurements were conducted for each specimen using a digital caliper
(GAU-178.00, Eurotool, Inc., USA), following the methods described in a previous study that used the same
materials!®.

Statistical analysis

Statistical analysis of the experimental data was performed using the SPSS software (IBM SPSS Statistics Version
25.0). Because all the linear data exhibited non-normality, the Kruskal-Wallis test was conducted, followed by
post-hoc testing using the Bonferroni correction.

Results
As shown in Table 1; Fig. 2 (a), when pressure is applied with a compression depth of 100 um (0.1 mm), the
compressive force measured for the PETG specimens is approximately 16 N. When applying pressure with a
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Pressure depth (mean + SD)

Material 100 pm 300 pm 500 pm 700 pm Significance
PETG -159+0.34 | -47.69+0.90 -82.09+2.01 -115.51£2.66 | **a,b,c,d
TC-85blank | -20.07+1.31 | -228.61+21.94 | -339.64+27.72 | -360.46+33.63 | **a,b,c,d
TC-85 full -27.74+1.46 | -256.22+18.23 | -414.22+25.74 | -485.07+31.18 | **a,b,c,d

Table 1. The changes in force magnitude by compression depth( um) on PETG, TC-85 blank, and TC-85 full
Kruskal-Wallis was performed followed by Bonferroni post-hoc analysis. a, b,c, d signified 100 pm, 300 pm,
500 um, 700 um, respectively; *p <0.05, **p <0.01
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Fig. 2. Changes in the force magnitude according to the cycle by compression depth based on each specimen.
a PETG, b TC-85 blank, ¢ TC-85 full

compression depth of 300 pm, the compressive force measured is approximately 50 N, followed by force decay,
resulting in a relatively consistent compressive force of approximately 47 N. At a compression depth of 500 um,
the compressive force measured is approximately 90 N, and after repeated cycles, force decay occurs, leading
to a relatively consistent compressive force of approximately 80 N. At a compression depth of 700 um, the
compressive force measured is 130 N, and after repeated cycles, force decay occurs, resulting in a relatively
consistent compressive force of approximately 115 N.

As shown in Table 1; Fig. 2 (b), when pressure is applied with a compression depth of 100 um, the
compressive force measured for the TC-85 blank specimens is approximately 20 N. When applying pressure
with a compression depth of 300 um, the compressive force measured is approximately 300 N, followed by force
decay, resulting in a relatively consistent compressive force of approximately 205 N. At a compression depth of
500 pm, the compressive force measured is approximately 450 N, and after repeated cycles, force decay occurs,
leading to a relatively consistent compressive force of approximately 310 N. At a compression depth of 700 um,
the compressive force measured is approximately 485 N, and after repeated cycles, force decay occurs, resulting
in a relatively consistent compressive force of approximately 325 N.

As shown in Table 1; Fig. 2 (c), when applying pressure with a compression depth of 100 um, the compressive
force measured for the TC-85 full specimens is approximately 28 N (2.8 kg). When applying pressure with a
compression depth of 300 um, the compressive force measured is approximately 320 N (32 kg), followed by force
decay, resulting in a relatively consistent compressive force of approximately 240 N. At a compression depth of
500 pm, the compressive force measured is approximately 520 N (52 kg), and after repeated cycles, force decay
occurs, leading to a relatively consistent compressive force of approximately 390 N. At a compression depth of
700 um, the compressive force measured is approximately 625 N (62.5 kg), and after repeated cycles, force decay
occurs, resulting in a relatively consistent compressive force of approximately 455 N.

As shown in Fig. 3 (a), when compressed to a depth of 100 um, the compressive forces of the three specimens
over the cycles were as follows: the PETG specimens exhibited a compressive force of approximately 15 N. The
TC-85 blank specimen initially exhibited a compressive force of less than 25 N, which decreased to less than
20 N as the number of cycles increased. The TC-85 full specimens exhibited an initial compressive force of
approximately 30 N and experienced force decay.

As shown in Fig. 3 (b), when compressed to a depth of 300 pm, the compressive forces of the three specimens
over the cycles were as follows: the PETG specimens exhibited a compressive force of approximately 50 N.
The TC-85 blank specimen initially exhibited a compressive force of more than 300 N, which decreased to
approximately 200 N as the number of cycles increased. The TC-85 full specimens demonstrated an initial
compressive force of more than 300 N, which decayed to less than 250 N.

As shown in Fig. 3 (c), when compressed to a depth of 500 um, the compressive forces of the three specimens
over the cycles were as follows: the PETG specimens exhibited a compressive force of less than 100 N. The TC-85
blank specimen initially exhibited a compressive force of approximately 400 N, which decreased to approximately
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Fig. 3. Changes in force magnitude according to the cycle of each specimen based on the compression depth. a
100 pm, b 300 pm, ¢ 500 pm, d 700 pm

310 N as the number of cycles increased. The TC-85 full specimens exhibited an initial compressive force of
approximately 400-500 N and experienced force decay.

As shown in Fig. 3 (d), when compressed to a depth of 700 pm, the compressive forces of the three specimens
over the cycles were as follows: the PETG specimens exhibited a compressive force of more than 100 N. The
TC-85 blank specimen initially exhibited a compressive force of less than 500 N, which decreased to more than
300 N as the number of cycles increased. The TC-85 full specimens showed an initial compressive force of more
than 600 N, which decayed to more than 450 N.

Discussion

In this study, the differences in materials and thicknesses were determined, and the changes in compressive force
over the cycles were measured. Based on the statistical analysis results and the graphs in Figs. 2 and 3, the null
hypothesis of the study, “there is no difference in the compressive force due to the difference in material and
thickness for each specimen,” was rejected. When comparing the results on the graph, TC-85 blank and TC-85
full showed relatively smaller differences than PETG, implying that the effect of the difference in the material
was greater than the difference in thickness. When measuring compressive force with varying thicknesses
of the same material (TC-85), the significant change in compressive force observed at 300 pm suggests that
a thickness of 0.3 mm should be considered when designing the inner surface. However, applying a strictly
customized CPR design that follows the curvature of specific teeth in a clinical setting may yield different results.
The experimental results revealed that, compared to the TFA PETG specimens (Control group 1), the 3DPA
TC-85 specimens (Experimental group and Control group 2) exhibited a wide range of compressive strength
differences owing to the material thickness and higher compressive endurance. By utilizing a broad spectrum of
compressive strengths, TC-85 demonstrated superior applicability for clinical purposes by allowing the design
of devices with varying inner thicknesses for application to individual teeth (Fig. 2). When the thickness of the
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TC-85 specimens was varied, similar results were observed for both the specimens with unfilled embossed areas
(TC-85 blank; Control group 2) and those with filled embossed areas (TC-85 full; Experimental group). Planned
tooth movement requires customized changes in the thickness of the embossed areas within the device itself, and
the experimental results suggest that 3DPA can facilitate this.

The fact that the 3DPA material (TC-85) exhibited better mechanical properties than the TFA material
(PETG) under compressive force indicates that the 3DPA material has a high potential to maintain consistent
mechanical properties, such as masticatory pressure, under compression. This finding suggests that the 3DPA can
withstand a wide range of variations in the oral environment (stability). Additionally, the TC-85 full specimens
demonstrated the highest values within the clinical masticatory pressure range of 500-600 N, indicating that
the force transmitted through biting can be applied for posterior intrusion. This would be beneficial in cases
involving an anterior open bite due to posterior extrusion, as it can be favorably applied to the formation of
posterior bite blocks for posterior intrusion. Furthermore, appropriately designing the 3DPA as a retainer could
help maintain an occlusion established through treatment for an extended period and prevent relapse of the
open bite. Suggesting the application of CPR modeling for the treatment of an anterior open bite, Fig. 4 shows
how the posterior bite block can be formed using a 3D modeling program (Materialize Magics 25.01). The areas
requiring the posterior bite block (indicated in light green) were selected and given a negative offset of 500 pum.
As shown in the orange-marked area on the left, a posterior bite block of 500 pm could be formed on the inner
surface of the clear aligner.

According to Lee et al.!%, 3DPA exhibits weaker and more flexible characteristics in terms of tensile strength
than TFA. This, combined with our experimental results showing that the 3DPA exhibited stronger mechanical
properties under compressive force, suggests that specific areas of the clear aligner designed to induce tooth
movement can be made strong and rigid, whereas the overall strength of the clear aligner, besides these specific
areas, can be made flexible and soft to promote physiological tooth movement. However, as the specimen
thickness increases, rigidity also increases, which could lead to patient discomfort and excessive force on the

CPR PBB

Fig. 4. Work process for fabricating the posterior bite block. n indicates the left panel, the green color indicates
the selective pressure area where 500 um of the tooth surface is removed in the CAD model for each aligner.
The right panel shows that the aligner is thickened in that specific area.
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Fig. 5. A case of using selective pressure (customized pressure region) to recover gingival recession of the
lower right central incisor through lingual root movement during retention after orthodontic treatment

teeth. Clinicians should carefully select a customized and optimized thickness based on tooth movement speed,
mobility, and safety.

The pressure measured in the specimens represents the force exerted by the teeth on the clear aligner when
the device is worn and, conversely, the reaction force with which the clear aligner presses back on the teeth,
transferring pressure to the periodontal ligament. In clinical situations where no additional strong external
forces, such as occlusal forces, are applied, the actual force delivered to the teeth is expected to be lower than the
experimental values presented. In addition to the direct occlusal force shown in Fig. 4, which is transmitted as
a compressive force to the teeth, the compressive force applied to the buccal and lingual surfaces should also be
considered. The compressive force exerted on the clear aligner corresponded to the reaction force as the teeth
moved to their planned positions in the setup. Although the direct measurement of this force is challenging,
the use of materials with mechanical properties capable of accommodating a broad range of compressive
forces is expected to facilitate efficient tooth movement in various clinical scenarios. Because this study was
not conducted in vivo with actual teeth and oral environments, the results cannot be directly correlated with
real clinical situations. Further studies are warranted to determine the ideal form and thickness of clear aligners
for achieving planned tooth movements, such as tooth inclination and bodily movement, as intended by the
practitioner. This study investigated the mechanical properties of two dental materials (PETG and TC-85) used
in clear aligners. Future research should focus on the forces measured on teeth during tooth movement with clear
aligners (in vivo), according to the different patterns of tooth movement. The shape of the teeth varies widely, and
malformed teeth deviate from typical forms. For instance, the diminutive shape of the maxillary lateral incisors
is known to occur in approximately 1.8% of the population'®. The presence of attachments or ridged areas on the
appliance is essential'®. The results of this study suggest that the 3DPA can be custom-designed for the efficient
movement of individual teeth. Unlike TFA, 3DPA allows for the design of appliances that meet the practitioner’s
plan (comparison of PETG and TC-85 full). In typical thermoforming, a printed model shaped according to the
desired tooth movement is required, and a clear aligner is produced by thermoforming a transparent sheet over
this model’. Therefore, the shapes and sizes of the inner surfaces of the aligners are limited. In contrast, the 3D
direct printing method has no such limitations, making it more advantageous'®!”. Therefore, the advantages of
the direct printing method in producing customized clear aligners for efficient movement of each tooth!® are
expected to be significant. In the future, the primary tasks of orthodontists will likely involve developing and
selecting optimized designs that are more effective for desired tooth movements, such as tooth rotation, tipping,
and bodily movement, while considering the shape of the teeth. Additionally, considering the results of this
study, changes in the inner surface design (RPA and CPR) are expected to function effectively without using the
attachments for posterior intrusion or anterior rotation and torque control. This can possibly reduce the number
of attachments required adopting CPR (Fig. 5). However, this hypothesis requires in vivo validation in follow-up
studies to confirm its practical application and effectiveness in orthodontic treatment.
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In addition to not being an in vivo experiment, another limitation of this study was that the specimen shapes
were standardized for quantitative comparison, indicating that strictly defined CPR specimens were not created.
Clear aligner designs were not modified to match the unique shapes of individual teeth. However, by varying
the thickness of the RPA (comparison of the TC-85 blank and TC-85 full), the potential superiority of the CPR
was identified. The solid specimens (TC-85 full) exhibited a wide range of compressive and maximum strengths,
suggesting that customized CPR-shaped designs tailored to the unique shapes of individual teeth could exert
optimized forces on each tooth. Further in vivo research is essential to explore the impact of factors such as
the intraoral environment, cyclic loading in various orientations, and patient-specific variability. Future studies
should incorporate clinical trials to validate the compressive strength benefits of 3DPA materials under realistic
conditions, taking into account the variability in tooth morphology and the complexity of treatment.

Conclusions

1. 3DPA allows for the adjustment of the device’s shape and inner thickness corresponding to specific teeth
according to the practitioner’s plan for the planned movement of certain teeth, and it can create ridged areas
(RPA and CPR) on specific parts.

2. Compressive strength measurements of the three specimens (PETG, TC-85 blank, and TC-85 full) based on
thickness indicated that TC-85 full exhibited the broadest range and highest compressive strength, suggest-
ing the highest potential for application in various clinical situations.

3. Changes in the inner thickness of the device and the creation of ridged areas can apply a selective force for
the targeted tooth surface.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding
author on reasonable request.
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