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Abstract: Objectives: To introduce a novel method —an electric typodont model—to evaluate the
efficacy of 3D-printed orthodontic aligners in correcting rotations of the upper right central incisor
(Tooth 11). Materials and Methods: An electric typodont fitted with heat-activated wax blocks was
employed to simulate four severities of rotation of Tooth 11: 22°, 32°, 42°, and 52°. Each setup was
scanned and treatment planned in Maestro 3D software to produce four sequential aligners per
angulation. In total, 240 aligners were 3D-printed in three thicknesses (0.50 mm, 0.75 mm, and 1.00
mm). After seating each aligner on the typodont, a 10-minute heat cycle was applied, immediately
followed by a 10-minute cooling cycle. Afterward, the degree of derotation was measured with a
protractor against a fixed baseline. Tooth 11 was then reset using rigid guiding stents, and the
procedure was repeated five times per subgroup to ensure reliability. Results: The electric typodont
reliably simulated incisor derotation. By the fourth aligner, all three thickness groups reduced the
initial rotations to approximately 4-5°, though they differed in early-stage performance. The 0.50 mm
and 1.00 mm aligners produced larger initial corrections, particularly between Aligners 1 and 2,
whereas the 0.75 mm aligners demonstrated a more uniform, gradual derotation. By the final stage,
all groups converged on the same minimal residual rotation. Conclusions: The electric typodont is a
reliable pre-clinical model for simulating aligner-driven tooth movement. Moreover, sequential 3D-
printed aligners succeeded effectively in derotation of anterior incisors at different severities, without
attachments.

Keywords: biomechanics; orthodontic force; removable thermoplastic appliance; clear aligners;
typodont; 3D printing

Clinical Implications

This study establishes a novel, reliable preclinical method for assessing orthodontic aligner
efficacy before clinical trials. Furthermore, it provides experimental confirmation that 3D-printed
aligners can correct anterior tooth rotations of varying severities without attachments. Moreover,
aligner thickness was shown to influence the rate—but not the final extent—of correction, allowing
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clinicians to tailor treatment pacing (e.g., faster initial movement versus steadier progression) to
individual patient needs.

Introduction

A clear orthodontic aligner is a custom-made plastic device used to correct mild to moderate
tooth misalignments gradually [1]. Due to the rigidity of the plastic, each aligner can only achieve
small tooth movements. Therefore, a series of multiple aligners is required for effective realignment,
each showing slight incremental movements [2]. This method becomes labor-intensive and
impractical for cases requiring an excessive number of aligners and consuming a large amount of
plastic [3]. With the advent of digital scanning, 3D printing, and CAD-CAM technology, orthodontic
aligners have become more precise [4]. Researchers are continually working to enhance treatment
effectiveness through various improvements, breakthroughs, and advancements aimed at
simplifying the procedure and reducing both its duration and cost [5].

In spite of the extensive research on aligner biomechanics, discrepancies between planned and
actual results persist [6,7]. Moreover, a definitive geometry for optimizing aligner modifications to
accommodate various tooth movements has not been endorsed. Hence, further studies are needed to
enhance the evidence and predictability of bodily movement and torque control with aligners [8].
The accuracy of orthodontic aligners treatment was reported to be affected by many factors such as
aligner material [9], activation and staging [10-12], thickness [13], as well as edge extension and
trimming design [14-17]. However, considering the mechanisms governing orthodontic aligner
functionality, not all forms of tooth movement can be feasibly achieved solely through the application
of aligners [7,8].

The properties of the aligner materials are crucial in determining their mechanical and clinical
characteristics [18,19]. Traditional manufacturing methods using thermoforming have been found to
negatively affect the mechanical properties of aligner materials [20,21]. Hence, the 3D-printing of
aligners has recently been introduced to eliminate the cumulative errors associated with the
conventional thermoforming workflow [22-25], enhance precision, offer greater control over aligner
design and thickness [16], reduce material waste, and decrease production costs [26].

The orthodontic aligners have been investigated via several numerical and experimental
strategies, including finite element analysis [27], direct force measurements with sensors [28],
pressure-sensitive films [29], and customized biomechanical setup [30]. Additional evaluation
techniques include photoelastic stress analysis [31], digital image correlation for full-field strain
mapping [32], and optical-tracking systems on typodonts [33]. Typodonts act as sensor-free pre-
clinical models for screening the performance of sequential orthodontic aligners [34].

The current study introduced a novel methodology utilizing an electrically controlled typodont
to evaluate the performance of 3D-printed aligners in achieving controlled tooth movements. This
advanced electric typodont offers several practical advantages for orthodontic simulation. Unlike
traditional models, it eliminates the need for hot water baths and allows real-time visualization of
tooth movement. Moreover, electrically controlled heating begins at the root level, simulating natural
tooth displacement more accurately. Furthermore, its wax system mimics anatomical structures by
using harder wax for cortical bone and softer wax for spongiosa. This clean, quick, and user-friendly
device is ideal for experimental research purposes and provides flexible setup options, making it
efficient to operate.

Materials and Methods

An electric typodont (Electro-Dont; Savaria-Dent, Budapest, Hungary) (Figure 1) was used to
simulate the different degrees of rotation of the upper right central incisor (Tooth 11) as selected in
the current study. This electric typodont consists of upper and lower full arches of acrylic teeth
embedded in wax, each tooth is surrounded by an electric coil connected to an external electric circuit
controlled by an adjustable timer. When the circuit is turned on, the electrical power is transferred
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into heat to melt the wax around the teeth slowly and allow for pre-planned movement. Then a
cooling cycle (same duration as the heating cycle) is automatically starting to slowly allow the wax
around the teeth to harden and keep the teeth in their new positions.

Figure 1. A) An electric typodont (ElectroDont), B) The upper arch of the ElectroDont, C) The timer and the
power supply of the ElectroDont.

The typodont was then scanned using an iTero scanner (Align Technology, San Jose, CA, USA)
to create a digital replica in a standard tessellation format (STL). The STL file was exported to Maestro
3D Ortho Studio software (AGE Solutions, Pontedera, Italy) for virtual setup and digital planning of
the desired tooth movement with each aligner. Using Maestro software, the degree of rotation, tip,
torque, and center of rotation were adjusted as per the desired tooth movement and treatment plan,
and then the design of the clear aligner was performed.

A total of 240 3D-printed aligners were used. They were divided into three main groups (n=80
for each group) based on the thickness of each aligner: Group 1 (0.50 mm-thick), Group 2 (0.75 mm-
thick), and Group 3 (1.00 mm-thick). Each group was further subdivided according to the degree of
rotation of Tooth 11 into four equal subgroups (n=5 for each subgroup) (Figure 2): simple rotation
(22°), mild rotation (32°), moderate rotation (42°), and severe rotation (52°) (Figure 3). Four aligners
(Aligners 1-4) were then designed for each subgroup to fully correct the varying degrees of rotation
of Tooth 11 by the end of using Aligner 4. Additionally, four rigid guiding stents were printed using
a resin material (Grey Resin 1 L; Formlabs, Somerville, MA, USA) to adjust the initial rotation of
Tooth 11 for each subgroup before beginning the test cycle.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 2. A scheme showing the classification of the current study groups, based on aligner thickness and degree

of rotation of the upper central incisor.
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Figure 3. The degree of rotations selected in this study was digitally planned: A) Simple rotation: 22°; B) Mild
rotation: 32°; C) Moderate rotation: 42°; D) Severe rotation: 52°.

All aligners were fabricated using Tera Harz TC-85' resin (Graphy, Seoul, South Korea) and 3D-
printed using a DLP-type 3D printer (Uniz NBEE; Uniz, CA, USA), with a layer thickness of 100 p,
and using a 2-mm extended straight trimming line design. They were then photo-cured with UV light
at a wavelength of 405 nm under nitrogen conditions for 25 minutes using Tera Harz Cure (Graphy,
Seoul, South Korea), as per the manufacturer’s recommendations (Figure 4).

Scanning and Planning

| Planning / Designing| @ | Digital Model | & ’ Digital Scanner | @ | Electric Typodont
\ 2
s0 &
= ) ad
-: Tera Harz Q Lo
= (Y o &
o —
[
=™
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| Digital Aligner | =) | 3D-printing | | UV Curing | = I 3D-printed Aligner

Figure 4. A schematic showing the workflow of the scanning process, treatment planning, aligner designing,
and 3D-printing of the aligner in the current study.

After seating the aligner over the teeth, the ElectroDont was activated, initiating a 10-minute
heating cycle followed by a 10-minute cooling cycle. Subsequently, the ElectroDont was immersed in
room temperature water for an additional 2 minutes to ensure thorough cooling. Once the cooling
cycle was complete, the aligner was carefully removed to avoid any unintended tooth movement,
and the ElectroDont was scanned. At the end of each test cycle, the rotation of Tooth 11 was adjusted
to its initial test position using the appropriate guiding stent.

To measure the degree of rotation, a straight stainless-steel wire was placed tangent to the incisal
edge of the rotated Tooth 11, secured with a small drop of wax. A baseline was established by
connecting the midpoint of the incisal edge of Tooth 11 with the mesial marginal ridge of Tooth 21
(marked with a pen point). The angle between the incisal edge of the rotated Tooth 11 and the baseline
was measured using a protractor (Figure 4). These steps were consistently repeated for each aligner
in all case scenarios. For reliability assessment, the entire experimental procedure was repeated 5
times across all subgroups (n=5).

! Tera Harz TC-85 resin is certified by the FDA, KFDA, and CE.
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Figure 5. Measurement of the degree of rotation of Tooth 11 using a protractor.

Statistical Analysis

Statistical analyses were performed in SPSS version 28.0 for Windows (SPSS Inc., Chicago, IL,
USA). Continuous variables were expressed as mean * standard deviation. Normality was assessed
using the Shapiro-Wilk test. For comparisons of two related, normally distributed variables, paired
t-tests were used. Repeated measures were evaluated by a General Linear Model (GLM) repeated-
measures ANOVA, with post-hoc pairwise comparisons conducted using the least significant
difference (LSD) method. All tests were two-tailed, and a P-value < 0.05 was considered statistically

significant. Results

As presented in Figure 6, by the final aligner stage (Aligner 4), all three thicknesses achieved
nearly complete correction, with residual rotations narrowed to just 4-5°. However, the pathways
they took to get there differed slightly depending on aligner thickness and the severity of the initial
rotation.

For the mildest cases (initial 22° rotation), the 0.50 mm and 1.00 mm aligners delivered larger
early gains, reducing angular displacement to 14.6° and 13.6° respectively by Aligner 2, whereas the
0.75 mm aligner reached only 12.8° at the same point. Midway through treatment, the thinnest (0.50
mm) aligner made the most dramatic single-stage jump, dropping to 5.6° by Aligner 3, while the 0.75
mm and 1.00 mm aligners trailed slightly behind at 7.8° and 4.8°. Despite these differences, all three
converged at roughly 4.0-4.4° residual rotation by Aligner 4.

In mild and moderate rotations (initial 32° and 42°), a similar pattern emerged. For a 32° start,
the 0.50 mm and 0.75 mm aligners moved the tooth down to about 22° by Aligner 2, leaving the 1.00
mm aligner behind at 17.4°. By mid-treatment, the thinner aligners had reduced rotation by around
9°, whereas the thicker aligners gained 7.4°. In the 42° cases, the 1.00 mm aligner outpaced the others
early on, dropping to 27.0° at Aligner 2 compared to 24.0° and 23.2° for the 0.50 mm and 0.75 mm
aligners, yet ultimately all three reached the same 4.0-4.4° degrees.

Even severe rotations (initial 52°) followed this convergence pattern. The thinnest aligner again
made the biggest early move, lowering rotation to 31.2° by Aligner 2, versus 29.2° and 26.6° for the
1.00 mm and 0.75 mm aligners. The medium-thickness aligner was then caught up by Aligner 3, and
by the end, all aligners achieved residual rotations within a tight 3.6—4.4° range. In short, while the

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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ultimate outcomes were equivalent, the 0.50 mm and 1.00 mm aligners produced faster early-stage
correction, and the 0.75 mm aligners delivered a steadier, more uniform progression.

—e— Group 1(0.50 mm) —e— Group 2 (0.75mm) —e— Group 3 (1.00 mm)

Simple Rotation Correction Mild Rotation Correction
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Figure 6. Degree of correction of a rotated upper central incisor using 3D-printed orthodontic aligners of varying
thickness across different initial rotation severities.

Discussion

Clear orthodontic aligners have emerged as a compelling alternative to fixed braces, offering
superior aesthetics and greater patient comfort. A range of numerical and experimental approaches
has been used to assess orthodontic aligner efficacy, including sensor-free typodont experiments that
serve as reliable pre-clinical screening models for sequential aligner performance [34]. In the electric
wax-block typodont introduced in the present study, each tooth is seated in a heat-activated wax
analogue that softens during a controlled heating cycle—mimicking the compliance of the
periodontal ligament—and then rehardens during cooling, allowing the aligner’s programmed force
to produce measurable tooth movement. Rapid repositioning of the tooth using rigid guiding stents
enables multiple, repeatable trials, establishing the system as a reliable and efficient tool for
comparing aligner designs, such as thickness or staging protocols, prior to clinical application.

Correcting incisor rotation remains one of the most unpredictable and challenging movements
in orthodontics, and it is consistently more difficult with aligners than with fixed appliances [35]. This
underscores the need to understand and optimize the many factors that influence aligner
performance in rotational correction. One of the controlling factors of aligner mechanical behavior is
their thickness [36]. Aligner thickness directly influences the magnitude of rotational force and,
therefore, the degree of tooth movement [30,37]. Some clear-aligner protocols deliberately vary

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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aligner thickness, either by prescribing different materials for specific treatment phases or by
alternating thicknesses, to modulate force levels much like fixed appliances do [30,38-41]. However,
the thermoforming process itself can unpredictably alter the intended material thickness [16] and
negatively affect the mechanical and physical properties of the aligner material [42]. To address this,
advanced materials with enhanced properties have been explored to improve aligner performance
[3]. Additionally, sequential aligner systems often result in reduced efficiency, higher costs, and
increased plastic waste due to the limited movement achieved per aligner, necessitating more splints
per treatment. This raises both financial and environmental concerns [5]. The integration of shape
memory polymers (SMPs) and 3D printing offers a promising alternative, providing greater accuracy,
cost-efficiency, and sustainability [39,43].

The 3D-printed aligners in this study were produced in a horizontal orientation. However,
recent studies [44,45] reported that printing orientation has no significant effect on the mechanical
properties of aligners. Moreover, all three thicknesses were UV-cured for 25 minutes following the
manufacturer’s guidelines. Bleilob et al. [46] demonstrated that a 20-minute UV-curing protocol is
sufficient to ensure biocompatibility and thus patient safety, up to 6 mm thick. Furthermore, they
featured a 2 mm straight trimming line. In line with Elshazly et al.’s experimental and numerical
work [16,37,47], the extended straight-line design enhanced the control of tooth movement by
distributing stress more evenly and delivering greater force nearer the gingival region, closer to the
tooth’s center of resistance.

The results demonstrated that the novel electric typodont effectively simulates tooth derotation
achieved by orthodontic aligners. Additionally, all three aligner thicknesses (0.50 mm, 0.75 mm, and
1.00 mm) effectively reduced tooth rotation across all severity levels (simple, mild, moderate, and
severe) to a final residual rotation of approximately 4-5°. However, differences emerged in the early
stages of treatment: the 0.50 mm and 1.00 mm aligners produced more rapid initial corrections, while
the 0.75 mm aligner achieved a more gradual and consistent reduction. Despite these early
differences, all groups ultimately reached comparable outcomes, with no statistically significant
difference in final rotational correction. These findings contrast with previous studies [36,42]
suggesting that increased aligner thickness results in greater contact forces and more prolonged force
delivery compared to thinner aligners. However, our results align with other investigations that have
reported no statistically significant differences in force generation across different thicknesses
[30,38,48]. This suggests that aligner thickness may have a limited impact on the overall efficacy of
rotational correction, at least in the context of 3D-printed aligners. This may also reflect the inherent
variability in aligner thickness caused by printing inaccuracies, exhibiting deviations between the
digitally designed thickness and the actual printed outcome, as reported by Edelmann et al. [40].

Contrary to the recommendations of some aligner companies and previous reports [49-52], the
current study demonstrates the effectiveness of aligners in correcting rotated incisors with a high
degree of success (up to 90%) without the use of attachments. These findings are consistent with
recent studies [47,53,54] indicating that clear aligners can achieve effective results without
attachments, emphasizing alternative approaches such as high straight trimming line designs [47]
and varying aligner thicknesses [55] as viable options. Moreover, the shape memory characteristics
of the 3D-printed aligner material, as previously reported [5,56], contribute to improved adaptability
[57], prolonged force application, and the potential for greater incremental tooth movement per
aligner [43], which enhances the control of tooth movement.

This typodont experimental study has many limitations and cannot fully replicate the complex
conditions of the oral environment. Factors like fluctuating temperature, salivary flow, and occlusal
forces are absent and may influence aligner performance. Likewise, virtual setup and 3D printing
demand specialized expertise and a rigorously standardized digital workflow. Any variation in key
steps, such as tooth segmentation, aligner design, support placement, print timing, or curing, could
introduce inconsistencies that alter the mechanical properties of the final aligners.

Measuring the forces and torques generated by aligners is planned in future studies. Moreover,
further in vivo studies are warranted to confirm these results under clinical conditions.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Conclusion

The current in vitro study showed the following observations:

1. The electric typodont proved to be a reliable and cost-effective preclinical model for simulating
tooth movement induced by orthodontic aligners.

2. 3D-printed aligners successfully corrected rotated anterior teeth across varying severities in the
typodont model, even without the use of auxiliary attachments.

3. All aligner thicknesses achieved similar final correction but differed in timing: 0.50 mm and 1.00
mm aligners showed faster early-stage movement, while 0.75 mm aligners provided more

gradual, consistent correction.
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