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Chapter 1: Introduction

The mid-twentieth century witnessed the onset of what is now referred to as the digital revolution.
The invention of the transistor, followed by the development of semiconductors and integrated
circuits, significantly transformed the way information is processed. As a result of these technological
advancements, information transitioned from analogue to digital formats. This revolution affected
every aspect of society, rapidly altering routine activities. One clear example is photography.
Previously, the process of capturing an image relied on cameras and photographic film, with the final
product requiring chemical development. Today, photographs are produced instantly using digital
cameras, eliminating the need for image development and considerably accelerating the process.
Dentistry, including orthodontics, has also been profoundly influenced by the digital revolution. Over
the past decade, substantial changes have occurred, both in the collection of patient information and
in the utilization of clinical resources. Digital orthodontics essentially encompasses the capture of
facial and oral images, the treatment planning, and the design and production of appliances,
mechanisms which will be described and examined throughout this thesis in a compilation of 10

manuscripts.

1.1 Digital Technologies in Orthodontics

Digital technologies in Orthodontics has significantly enhanced the efficiency of diagnosis and
treatment planning [1]. Data acquisition through digital 3D imaging, 3D models and CAD CAM
integration have deeply changed orthodontic practice [2]. In particular, all these aspects changed the
perspective from a 2D image representation to 3D integrated reconstruction of hard and soft tissues.
Additive manufacturing was also a major advancement in the production of new types of orthodontic
appliances, ranging from intraoral appliances such as aligners and retainers and extraoral devices like

customized facemasks.

1.2 Digital 3D Imaging

Technological innovations that have influenced image acquisition in orthodontics include digital
photography and videography, digital radiology including cone-beam computed tomography (CBCT),

intraoral scanning and digital models. [3].



1.2.1 Digital Radiology, Photography and Videography

With technological improvements there is a general move towards keeping digital records, and many
professions now use digital images exclusively [4]. Traditionally, dental models, facial and intra-oral
photographs and a set of two-dimensional radiographs are used for orthodontic diagnosis and
treatment planning [5]. Intraoral and panoramic radiographs are used to assess the condition and
developmental status of the teeth and hard tissue supporting structures, and to identify any dental
anomalies or pathology. Lateral cephalometric radiographs are employed to analyze dentoskeletal
relationships, while CBCT can serve as an additional imaging modality to provide supplementary
diagnostic information [6]. Digital imaging has several potential advantages over traditional radiology.
These include instant image acquisition, no need of physical space for storage, immediate
transmission, image post-processing is possible, reduced exposure to radiation for patients, and
digital data evaluation, such as cephalometric analysis [7].

Very similar advantages are possible with digital photography, which offers instant image review,
eliminates film-processing costs, and facilitates seamless data transmission for remote consultation.
With digital cameras videography also became an straightforward tool allowing esthetic analysis of

dynamic functions such as spontaneous smiling and speech [8].

1.2.2 Cone beam computed tomography (CBCT)
British engineer Godfrey Hounsfield began developing a prototype for the CT scanner in 1967 while

working at the EMI company, which was also owned by Abbey Road Studios. The substantial profits
generated by The Beatles during that period provided financial support for Hounsfield’s project.
However, the commercial development of CBCT did not begin until 1996, when Italian developers
Attilio Tacconi and Piero Mozzo introduced the first dental CBCT model, the Newtom 9000 [9]. Since
then, numerous other models have become commercially available, and tomograms, thanks to their
three-dimensional imaging capabilities, have become indispensable diagnostic tools in orthodontics.

CBCT uses a cone-shaped X-ray beam that passes through the patient and is captured on a two-
dimensional, flat-panel detector. These two-dimensional projections are then converted into three-
dimensional (3D) images using computer-based software programs [5]. The benefits of CBCT imaging
include the generation of images free from magnification artifacts, the capacity for post-acquisition
correction of head positioning errors, and the superior visualization of structures which are
challenging to evaluate with conventional two-dimensional (2D) imaging.

Nevertheless, due to increased radiation compared to conventional radiography, CBCT imaging is

indicated in specific orthodontic situations, such as impacted or supernumerary teeth. CBCT scanning



is justified if the exact position of the tooth, its relationship with intimate anatomical structures, and
possible resorption of neighbouring teeth cannot reliably be assessed from 2D radiographs or if CBCT
imaging will otherwise influence treatment planning [9]. In traumatic or congenital loss of permanent
teeth autotransplantation can be a treatment option and the dimensions of both the tooth transplant
and the recipient site bone volume can be measured reliably from CBCT images. CBCT image
reconstruction has also significantly enhanced treatment planning for the management of
craniofacial anomalies. Craniofacial syndromes, skeletal asymmetries requiring surgical intervention,
and orthognathic surgery are other possible indications for CBCT imaging. CBCT can also help for
planning for Temporary Anchorage Devices (TADs) placement. Finally, the volumetric nature of the
scan allows for quantitative airway analysis. As children and young patients are at greater risk of
adverse effects of ionizing radiation, as ALARA recommends, special care must be taken when

imaging these patient groups.

1.2.3 3D Photography

Recent advancements in 3D photography enable the acquisition of volumetric images of the patient's
face. This is achieved either through the synchronized triggering of professional cameras, assisted by
specific softwares, or by reconstruction obtained from facial scanners. The integration of this
volumetric facial data currently allows for the generation of algorithms capable of simulating the
facial outcomes resulting from the movement of the teeth and underlying skeletal structures
following orthognathic surgery. These simulated images provide an excellent tool for treatment
planning and communication, helping patients to better understand the available treatment options.
This approach could also serve as a non-invasive and radiation-free method for quantifying soft tissue

changes during growth or for evaluating post-treatment soft tissue outcomes. [10].

1.2.4 Intraoral Scanning

The first in office digital impression system capable of full arch scanning (Cadent iTero) was made
available in the dental market in 2008 [11]. Intraoral scanning incorporates a variety of technologies,
ranging from light emitters to red or blue lasers, combined with 3D matching software to create a
virtual model of the dentition and adjacent gingiva. The digital scanning system can fundamentally
be segmented into three components: image acquisition, data processing, and on-screen
reproduction of the scan. The primary factor influencing the performance of scanners is the
underlying imaging technology. There are three basic mechanisms for image acquisition, namely, the

triangulation technique, the confocal laser scanning and the active wavefront sampling. The highest-
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performing technique is confocal laser scanning, wherein the emitting laser is projected onto the
target through a filter featuring a minute pinhole aperture. The confocal plane is characterized by the
capture of only the light reflected from the in-focus object, while out-of-focus data are not registered.
Consequently, the entire 3D structure is reconstructed by recovering 2D images across multiple
confocal planes. Digital impressions have brought innovation to impression taking and have sidelined
the conventional methods (alginate and PVS). Intraoral scanners can offer significant advantages,
such as reduced patient discomfort, time efficiency, simplification of clinical procedures, and the
benefit of capturing and storing highly accurate information [12]. Intraoral scanning effectively avoids
the demanding process of pouring and trimming traditional plaster models, eliminating a significant

component of laboratory workload and the necessity for physical model storage. [13].

1.3 3D Models
The first orthodontic digitation system was developed by Cadent in 1999 [14]. Since then, plaster

models have been rapidly replaced by digital models with high precision, reliability and
reproducibility. Literature confirms the accuracy and reliability of digital orthodontic study models
acquired through methods such as intraoral scanning, CBCT, and the scanning of plaster models or
impressions, with the resulting data stored in .STL format, which stands for standard tessellation
language. The majority of studies conclude that measurements taken on these digital models exhibit
no clinically significant differences compared to conventional plaster models, establishing their
clinical acceptability for orthodontic diagnosis [15]. Digital models have several advantages such as
accuracy and speed in obtaining data for diagnosis, no physical space needed for storage, less
chances of permanent damage, possibility of information transfer through a digital environment,
easier orthodontic analysis, and creation of virtual setups, simulating different treatment modalities
using the same digital model [15]. Virtual setups are less time-consuming than the manual plaster-
cutting and waxing process, allowing for easier movement quantification, visualization through model
superimposition, and simulation videos, which enhances patient communication. Virtual setups also
enables the direct manufacture of devices like indirect bonding trays and clear aligners, directly aiding
in treatment execution. However, obstacles to full adoption remain, including the high initial cost of

software and the requirement for adequate training of orthodontists in these new technologies [16].

1.3.1 Clinical application

Diagnostic model analysis in orthodontics entails a comprehensive assessment of dental alignment

and occlusion. This process extends to examining inter-makxillary and dento-maxillary relationships.

4



Reliable measurements are consistently obtained for key diagnostic parameters, including crowding
and spacing, arch length, intercanine/intermolar distances, mesiodistal tooth size, overjet, and

overbite allowing for automated space analysis and Bolton discrepancy calculation.

1.3.2 Clinical outcome evaluation

Clinical orthodontics has traditionally focused on achieving controlled tooth movement in all three
spatial planes according to a specific treatment plan. Technological advances now offer practitioners
increasingly precise tools to assess treatment efficacy. One such instrument is the superimposition
of STL files, which presents a relatively straightforward method of analysis [18]. The reference area
selected for aligning serial 3D dental models significantly influences the validity of the comparison.
Specifically, registration on the medial part of the third rugae and a small adjacent dorsal zone yields

accurate and reproducible results [19].

1.4 3D Printing
In 1986, Charles Hull introduced the first 3D printing technology based on stereolithography (SLA)

[17]. Since then, it has been used in many different fields for nearly 30 years. The integration of 3D
printing into dentistry has led to a revolution in the precision and personalization of dental care.
Additive manufacturing has made substantial inroads into various fields of healthcare, with dentistry
being one of the most rapidly advancing sectors. The technology enables the creation of highly
detailed and accurate 3D objects directly from digital designs, significantly enhancing dental
procedures. In orthodontics, 3D printing has revolutionized the production of custom orthodontic

models and appliances, such as aligners, retainers, and brackets [18].

1.4.1 3D Printing technology

Three primary categories of 3D printing technologies are employed in dentistry: Powder Bed Fusion
(PBF), Light Curing, and Fused Deposition Modeling (FDM). PBF technologies, including SLM and SLS,
use heat or electron beams to fuse powdered materials (such as Ti and Co-Cr) for the manufacture
of metal frameworks. Light Curing methods (SLA, DLP, PJ) utilize photosensitive liquid resins cured by
light, enabling the creation of 3D models. FDM is a cost-effective method that involves melting and
extruding thermoplastic filaments (like PLA) [17]. Both DLP and SLA produce 3D-printed results that
are compatible with orthodontic clinical needs [19]. 3D printers build models layer-by-layer from
liquid resin, using either an ultraviolet laser (SLA) or visible light projector (DLP) for

photopolymerization. The DLP process may result in a faster model print time because a whole layer



of resin is cured simultaneously, whereas SLA involves the laser moving sequentially across the print
layer. SLA/DLP printers form the model on a metal build platform such that models are suspended
upside down and ‘pulled” out of the resin. The platform is raised incrementally as each target area of

resin is cured [20].

1.4.2 Study Models
The integration of 3D printing in orthodontics has enabled the production of high-resolution digital

study models. Digital models are accurate and can be used to replace plaster models [21]. These
models offer significant operational and clinical advantages: they facilitate digital storage, thereby
eliminating the necessity for physical archival space and mitigating the risk of degradation. The use of
digital models enhances the precision of progress evaluation and tracking over time. Furthermore,
digital models streamline multidisciplinary care through easy sharing and enable the direct computer-

aided fabrication of various orthodontic devices, ultimately improving workflow efficiency [22].

1.4.2.1 Resins

Resin constitutes the most widely used material for 3D printing, regardless of the technology
employed. Initially utilized to print stereolithographic study models with standard formulations, it is
currently possible to directly print appliances or accessories using biocompatible resins. Two major
categories are alcohol-washable and water-washable resins, each with specific implications for
storage and cleaning procedures. In recent years, to address environmental concerns, new plant-

based resin formulations have been proposed.

1.4.2.2 Polymers

Companies have proposed advances in aligner material in the past few years, especially involving
shape memory polymers, with the potential to bring new insights into the clinical applications of
orthodontic clear aligner therapy [23]. This new concept allows for the direct printing of aligners
without the need for a physical support, such as resin models, as is required for thermoformed
aligners. At the same time, it eliminates the need for plastics and their trimming, allowing a faster
production process. On the other hand, new workflows mean new equipment; therefore, the need
to update the manufacturing could represent a significant cost for the orthodontist, especially at a

time when new materials are launched without sufficient scientific support.



1.4.3 3D Printing Mechanical Properties

The mechanical behavior of 3D printing resins is related to printing parameters that enforce
anisotropy within the printed part. Layer thickness, governing photopolymerization kinetics and
energy delivery, directly influences the degree of inter-layer coalescence; while thinner layers
enhance surface resolution, they risk creating weak inter-layer zones that reduce bulk mechanical
strength. Consequently, the printing orientation determines the component's principal axis of
mechanical resistance, with maximal load-bearing capacity often observed when forces are applied
perpendicular to the build layers. Surface integrity, characterized by roughness and gloss, is clinically
critical, as high roughness acts as a microscopic stress concentrator, predisposing the appliance to
premature fatigue failure while simultaneously hindering biological integration and promoting biofilm

adhesion.

1.4.4 Orthodontic Devices

1.4.4.1 Intraoral devices

3D printing is most commonly used in orthodontics to produce working models for thermoformed or
3D printed aligners, 3D metal printed fixed appliances, including custom brackets and bands, indirect
bonding trays, removable appliances, occlusal splints, insertion guides for TAD placement and

retainers.

1.4.4.2 Clear Aligners

Clear aligners were introduced in the United States, where they were born at the end of the 1990s by
the company Align Technology [24]. Since their introduction, clear aligner therapy has become an
increasingly common addition to the orthodontic armamentarium. The technology has clearly been
employed, in modified forms, at least as far back as the Tooth Positioner by Dr Harold Kesling in 1946
and subsequently improved and developed by Nahoum, Ponitz, McNamara, Sheridan and Truax,
before being combined recently with advances in transparent thermoplastic materials and computer
technology [25]. Clear aligner treatment can be outsourced when the treating clinician sends digital
models to a laboratory which allows the appliances to be manufactured via the use of 3D scanning
technology. The final digital model produced by the laboratory or by a computer algorithm can be, in
turn, manipulated via manual adjustment by the clinician to the final occlusal result. From each digital
model, 3D-printed aligners or models are generated in a sequence, each one representing a different

stage of the treatment.



Parameters that influence the biomechanical characteristics of aligners include the properties of the
material, the thickness of the material, and the fitting accuracy of the aligner to the teeth and any
attachments. Various thermoplastic materials, or combinations of materials, are being used for
fabrication due to their characteristics. These include polyvinyl chloride, polyurethane, polyethylene
terephthalate, and polyethylene terephthalate glycol [26].

An alternative to thermoformed aligners is represented by 3D printed aligners. Use of a clear aligner
that is 3D printed for direct usage can eliminate the cumulative errors introduced from analog
impression taking and the subsequent thermoplastic workflow. In addition to greater accuracy, direct
printing produces shorter supply chains, significantly shorter lead times, and lower costs. It is also a
more sustainable process that generates significantly less waste than subtractive and thermoforming

processes [26].

1.4.4.3 3D metal printing

3D metal printing has been recently proposed by Graf as an alternative of analogic procedures without
the need of physical support to print custom bands, fixed appliances such as expanders, transpalatal
bars, lingual arches and palatal bone anchored appliances [27].

3D printing of metallic appliances offers several advantages over the conventional analog process in
terms of patient comfort, clinical efficiency, accuracy, and flexibility in design. The greatest advantage
is the customization, improved communication with the laboratory technician, reduced laboratory
waste, enhanced accuracy, better standardization, improved patient comfort, and reduced
orthodontic appointments by eliminating the need for separators. As with most new technology, the
greatest disadvantage is the equipment expense. Another disadvantage is the limited availability of
alloys for printing, which are very rigid and unbendable, intolerant for minor inaccuracies, and more

difficult to debond compared to traditional appliances [28].

1.4.4.4 Indirect Bonding Trays

Indirect bonding has been suggested as a valid method for bonding orthodontic brackets and has
several advantages, including saving chair time and reducing patient discomfort [29]. To reach these
goals, Silverman and Cohen introduced the first indirect bonding method in 1972 [30]. With the
advancement of technology, computers entered the practice of orthodontics, thereby enhancing the
indirect bonding technique. Several companies offer 3D CAD-CAM-generated methods for the
fabrication of indirect bonding trays. Nevertheless, despite the technological precision offered by

digital tools, the accuracy of bracket placement ultimately depends on the clinician's judgment in



selecting ideal bracket positions and ultimately no significant clinical differences compared to direct

bonding in terms of treatment outcomes have been recorded [31].

1.4.4.5 Removable Appliances

With the same principles mentioned above, removable appliances can be manufactured indirectly on
resin 3D models or directly 3D printed using biocompatible resins. The first direct 3D printed
removable appliance was introduced by Graf in 2022, who presented a fully digital Twin Block

appliance [32].

1.4.4.6 Occlusal splints

The traditional milling process to produce occlusal splints includes interocclusal wax occlusal
registration for the upper and lower dentition of the working models and alginate impressions. With
CAD and 3D printing, several splints can be manufactured with biocompatible resins simultaneously,
which greatly improves the manufacturing efficiency and saves time and cost. However, the antistress
and antiaging abilities of 3D printing materials are not as good as those of traditional or milling resin
materials, which will adversely affect their long-term use. Differences in technologies and materials

will affect the performance of the occlusal splints [17].

1.4.4.7 Surgical Guides for TADs placement

One of the main outcomes of technological advance was the digitalization of guided procedures for
the insertion of palatal TADs. By matching CBCT DICOM files and intraoral scanning stl files, pre-
operative planning and the use of surgical guides allow for precise and controlled placement while
minimizing risks associated with this procedure [33]. Another advantage of pre-operative planning
with a CBCT is the possibility of planning a bicortical position, which guarantees greater stability,
better mechanical results, lower stress and strain values, decreased deformation and fracture.

By using 3D printing to create surgical guides, orthodontists can ensure a higher degree of precision
and reduce the risk of complications. Despite digital planning, minor linear (1-2 mm) and angular (2°-
10°) deviations in TADs placement during the insertion could be expected. For this reason, factors like
imaging quality, clinician expertise, and guide stability affect their effectiveness [34].

Similarly, corticotomies or piezocision-assisted orthodontics, which are minimally invasive surgical

techniques to accelerate tooth movement, also benefit from 3D-printed surgical guides.



1.4.4.8 Retainers

Orthodontic retainers could be either fixed or removable. Fixed retainers are placed lingually after
finishing the orthodontic treatment and usually extend from canine to canine. These retainers can be
3D metal printed, and, by using this method, there is an improved placement accuracy compared to
traditional ones [14]. Removable retainers could be thermoformed or 3D resin printed retainers with
very similar behaviour in terms of fit [35]. Nevertheless, rigorous control of the manufacturing process

is essential to limit biological risks in the long term.

1.4.5 Extraoral devices

1.4.5.1 Facemask

Conventional facemasks are currently limited to standardized shapes, sizes, and colors, which
compromises both precise anatomical fit and aesthetic appearance. Customization achieved through
CAD/CAM techniques offers a viable solution to these limitations [36,37].

A customized design allows for the creation of forehead and chin pads with optimal anatomical
adaptation, ensuring a larger and more uniform contact area. This improved fit is essential for
accurate force transmission, which may minimize undesirable pressure points, and ultimately
enhancing patient comfort and compliance. The central vertical bar can also be designed to precisely
reproduce the patient's soft tissue profile, eliminating the need for manual bending required for
standardized appliances [38]. Furthermore, digital technologies allow for the objective monitoring of
treatment efficacy both in intra and extraoral devices. Specifically, the integration of a TheraMon

sensor enables clinicians to test and record patient cooperation during treatment.
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Chapter 2: 3D Imaging

2.1 Comparison between digital and conventional impression techniques in
children on preference, time and comfort: A crossover randomized controlled trial

Abstract

To compare the conventional alginate impression and the digital impression taken with an intraoral
scanner of both dental arches in children, using a randomized crossover design. This is a monocentric,
controlled, superiority, randomized, crossover, open study. Twenty-four orthodontic patients
between 6 and 11 years of age underwent intraoral scanning (TRIOS 3; 3Shape) and alginate
impression of both dental arches with an interval of 1 week between the two procedures. Participants
were recruited from September 2021 to March 2022 and the study was completed in April 2022.
Impression time for the two procedures was compared. Patients were asked which one of the two
impression procedures they preferred. A questionnaire including Visual Analogue Scale (VAS) for
comfort, pain, gag reflex and difficulty in breathing, was administered to the patients. Eighteen out
of 24 patients preferred digital impression (75%, 95% confidence interval [Cl]: 55% to 88%; P = .014).
Scanning time was significantly shorter than alginate impression time (difference -118 seconds; 95%
Cl: =138 to -99; P < .001). Comfort was significantly higher for digital impression (difference 1.7; 95%
Cl:0.5t0 2.8; P=.007). There was no difference in pain (difference -0.2; 95% Cl: -1.5t0 1.0; P = .686)
while gag reflex and breathing difficulties were smaller for digital impression (gag reflex difference
-2.5;95% Cl: -4.0 to -0.9; P =.004 and breathing difficulties difference -1.5; 95% Cl: -2.5 to -0.5; P
= -.004). Digital impression is preferred by children aged 6-11 years and it is significantly faster in

acquisition time than conventional alginate impression.

Introduction

The impression is a necessary step for the orthodontic diagnosis.1 Plaster models of dental arches
have been used traditionally to obtain 3D diagnostic records. Digital impression has been introduced
recently by means of intraoral optical scanners that produce a three-dimensional image of the
teeth.2—4 This overcomes the problem of pouring and trimming plaster casts, thus eliminating a
major component of laboratory work and the need to store the models. Conventional cast analysis
allows the clinician to evaluate the location and severity of dental crowding and to evaluate tooth-

size relationships within the dental arches.5 This analysis now can be done more easily by means of
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software for virtual dental models.6—8 Semiautomated software can be used to measure the arch
length and Bolton discrepancies, and multiple virtual treatment setups can be performed with
minimal effort.

Since digital models can be a reliable alternative to stone casts in analysing mixed6 and permanent
dentitions,7 few studies have compared the conventional alginate impression with the digital impres-
sion with intraoral scanners in growing patients.9-12 These studies have shown that digital
impression could have some advantages in terms of greater satisfaction and less discomfort for the
paediatric patient with respect to conventional alginate impression. Only one study was randomized
and analysed patients between 10 and 17 years.9 To our knowledge, no previous RCT compared
preference, time and comfort between conventional alginate impression and digital impression in
orthodontic patients between 6 and 11 years.

The objective of the present study was to compare the conventional alginate impression with the
digital impression of both dental arches in orthodontic patients between 6 and 11 years of age with
a randomized crossover design. In particular, the preference, comfort, impression time, pain, gag

reflex and breathing difficulty were analysed.

Materials and Methods

The experimental design followed the Consolidated Standards of Reporting Trials (CONSORT)

statement and extension checklist for reporting within-person randomized trials.13,14

Ethics statement
The principles outlined in the Declaration of Helsinki on clinical research involving human subjects
were adhered to. The study was approved by the Paediatric Ethics Committee of the Region of

Tuscany, Italy (approval number 07/2020).
Protocol registration

The study was registered on ClinicalTrials.gov with registration number NCT04220957 in January
2020 (https://clinicaltrials.gov/ct2/ show/NCT04220957).
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Trial design
This is a monocentric, controlled, superiority, randomized, crossover, open study. Two impression
procedures of both dental arches (conventional alginate and digital with intraoral scanner) were

compared in two sessions with an interval of 1 week between the two procedures.

Participants
The subjects were enrolled in the study at the Orthodontic Clinic of the Careggi University Hospital,
in Florence, Italy by an operator (LF). To be included in the study, patients had to be aged between 6
and 11 years and not in treatment with fixed orthodontic appliances. Patients were included if they
were not in treatment or if they were in treatment with removable appliances.
Exclusion criteria were:

1. Non-compliant patients;

2. Patients with syndromes or systemic diseases;

3. Patients suffering from cleft lip and palate.

Patients' parents signed an informed consent before starting the trial.

Interventions

A single experienced operator (VG) performed both impression procedures of the dental arches.
Conventional impressions of both arches were taken with alginate (Orthoprint, Zhermack Sp) with
steel impression trays according to the manufacturer's instructions. Red wax (Tenatex, Kemdent) was
used for bite registration. The procedure consisted of the following steps: test of the tray, preparation
of the alginate for the lower impression, impression of the lower arch, preparation of the alginate for
the upper impression, impression of the upper arch and bite registration with red wax. The alginate
was hand-mixed with tap drinking water. The digital impressions were made with the TRIOS 3
intraoral optical scanner (3Shape) following the procedure reported by the manufacturer. In the
lower arch, the occlusal, lingual and vestibular surfaces were scanned in sequence. In the upper arch,
the occlusal, buccal and lingual surfaces were scanned in sequence. Finally, bite registration was
taken. The two impression procedures of both dental arches (conventional alginate and intraoral
scanning) were carried out in two sessions with an interval of 1 week between the two procedures.

Another operator (CB) hand-mixed the alginate and registered impression time for both procedures.
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Outcomes
The primary outcome of the study was the patient's preference for one of the two procedures.
Secondary outcomes were duration of the procedure, comfort, pain, gag reflex and difficulty in
breathing.
Patients were asked which one of the two impression procedures they preferred. In addition, a

guestionnaire including VAS for comfort, pain, gag reflex and difficulty in breathing was provided to

the patients. The VAS consisted of a scale with a score from 0 to 10 (Figure 1).
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Figure 1. Visual Analogue Scale with Wong—Baker scale to evaluate patient comfort, pain, gag reflex,

and breathing difficulty in the two impression methods.

In the case of comfort, O corresponded to very uncomfortable while 10 to maximum comfort. To
facilitate interpretation, the Wong-Baker Scale was also used.15 In case of pain, O corresponded to
no pain while 10 to very painful. For gag reflex, O corresponded to no gag reflex while 10 to vomiting.
For breathing difficulty, O corresponded to no respiratory difficulty while 10 to maximum respiratory
difficulty. Similar VAS scores have been used already in a previous study.10 Finally, the duration of the

impression procedure was recorded with a digital chronometer.
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Sample size
Considering a null hypothesis for a proportion of 50% in the preference between the two treatments
and an alternative hypothesis of 80%, with alpha set at 0.05, a power of 80% and a dropout rate of

10%, 24 patients were required.

Randomization

The order of the two procedures was block randomized so that 12 patients received as first
impression procedure the conventional alginate and 12 patients received as first impression
procedure the intraoral scanning. The randomization list was computer-generated by the statistician
(MN) and hidden inside numbered, opaque and sealed envelopes that were opened at the time of
impression taking. The second impression procedure was performed after 1 week. Patients were
enrolled by one operator LF and they were assigned to the impression procedure by another operator

VG.

Blinding
Both the operator who took the impressions and the patients could not be blinded as for the

impression procedure.

Statistical methods

Descriptive statistics were performed for all variables (frequency and percentage for qualitative
variables and mean and standard deviation for quantitative variables). For the primary endpoint
variable (impression procedure preference) the test was performed for one proportion and the 95%
confidence interval [Cl] was calculated using the Clopper-Pearson method.

As for the secondary endpoint variables, duration of the procedure, comfort, pain, gag reflex,
breathing difficulty, the two procedures were compared with the t-test for paired data. McNemar
test was used to evaluate complications.

For quantitative variables, the W Shapiro—Wilk test was performed to test for normality of the data.
In case of statistical significance of the test, a non-parametric sensitivity analysis was performed using
the Wilcoxon test. Statistical analysis was carried out according to the intention-to-treat method. All
statistical tests were performed with JMP 13.0 (SAS Institute Inc.) using a level of statistical

significance of .05.
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Results

Twenty-four participants were randomized to the two impression procedures (Figure 2).

[ Enrollment J Assessed for eligibility (n=24)

A4

Excluded (n=0)

[ Allocation J Randomized (n=24)

A 4 A 4

Allocated to intervention A (n=24) Allocated to intervention S (n=24)
- Received allocated intervention (n=24) - Received allocated intervention (n=24)

Follow-up
A 4 A 4
Lost to Follow-up (n=0) Lost to Follow-up (n=0)
Discontinued intervention (n=0) Discontinued intervention (n=0)
\4 v
Analyzed (n=24) Analyzed (n=24)
- Excluded from analysis (n=0) - Excluded from analysis (n=0)

Figure 2. Consort 2010 flow diagram. A, Alginate Group; S, Scanner Group.

Participants were recruited from September 2021 to March 2022 and the study was completed in
April 2022.

There were no dropouts and there were no deviations from the planned protocol.

The mean age of the participants was 8.8 years (SD 1.0) (min 6.7 years; max 10.7 years). There were
13 females and 11 males.

Twelve participants were allocated to alginate impression as first impression procedure (Alginate
Group) and 12 participants were allocated to digital impression with the intraoral scanner as first
impression procedure (Scanner Group).

Six patients preferred alginate impression (25%, 95% Cl: 12% to 45%) while 18 patients preferred
digital impression (75%, 95% Cl: 55% to 88%). This difference in preference was statistically significant
(P=.014).
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The differences between the two impression procedures as for scanning time, comfort, pain, gag

reflex and breathing difficulty are reported in Table I.

Table I. Impression time (duration), comfort, pain, gag reflex, and breathing difficulty for the two

impression procedures.

Alginate Scanner
group group

(N =24) (N =24)
Variable Mean (SD) Mean (SD) Difference 95% Cl P-value
Duration (seconds) 301 (31) 183 (38) -118 -138; -99 <.001
Comfort 6.6 (2.7) 8.3 (1.8) 1.7 0.5;2.8 .007
Pain 1.7 (2.5) 1.5 (2.5) -0.2 ~1.5;1.0 686
Gag reflex 2.5(3.7) 0.1(0.4) -2.5 -4.0; -0.9 .004
Breathing difficulty 2.4 (2.3) 0.9 (1.8) -1.5 -2.5:-0.5 .004

Impression time was significantly shorter for the Scanner Group (difference -118; 95% Cl: =138 to
-99; P < .001). Difference in comfort was statistically significant favouring the Scanner Group
(difference 1.7; 95% CI: 0.5 to 2.8; P = .007). Differences in gag reflex and breathing difficulties also
were significant favouring the Scanner Group (difference for gag reflex -2.5; 95% Cl: -4.0to -0.9; P =
.004, difference for breathing difficulties -1.5; 95% ClI: -2.5 to —-0.5; P = .004). On the contrary, no
differences in pain were found between the two groups (difference -0.2; 95% Cl: -1.5 to 1.0; P =
.686). There were two vomiting-related complications in the Alginate group (8%) and none in the
Scanner group (P =.157). The W Shapiro—Wilk test for normality was significant for pain and for gag
reflex. The P values of the Wilcoxon tests (P = .424 for pain and P = .003 for gag reflex), however, were

similar to those of the t-test for paired data.

Discussion

The aim of this study was to compare the conventional alginate impression with the digital impression
of both dental arches in orthodontic patients between 6 and 11 years, an age interval that has not
been analysed in the literature yet. As reported in a recent systematic review,4 intraoral scanners
appear to be a promising new resource in the hands of orthodontists, as they have advantages in

terms of experience and individual preferences.4 In the present study, 18 out of 24 children with an
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age between 6 and 11 years, preferred the digital impression versus conventional impression with
alginate. This outcome may be related to the lower invasiveness of the digital impression compared
to the conventional impression confirmed by the more favourable results in comfort, gag reflex and
breathing difficulties. In addition to the reduced invasiveness, there was also a significant reduction
in impression time. No difference between the two impression procedures was recorded for pain.
Several studies have been conducted on the preference between intraoral scanning and conventional
impression in growing subjects (younger than 18 years).9—12 The results of the present study are in
agreement with Mangano et al,11 Yilmaz and Aydin10 and Burhardt et al9 that reported a greater
preference for intraoral scanning (100%, 75% and 51%).

As for the duration of the impression procedure, in our study scanning time was significantly shorter
with respect to alginate impression time. Scanning of both arches and bite registration took about 3
minutes on average while impressions of both arches with alginate and bite registration with wax
required about 5 minutes on average. A difference of about 2 minutes between the two impression
procedures could have a clinically relevant impact, especially in children. On the contrary, similar
studies in the literature9—-11 did not show a shorter time for digital impression when compared to
conventional impression. In particular, Yilmaz and Aydin10 did not find a significant difference in total
impression time between the two procedures, while Burhardt et al9 Mangano et alll reported a
significantly shorter time for conventional impression with alginate. This outcome can be explained
by the fact that both studies used a relatively older technology for digital impression. In addition,
patients included in the present study were between 6 and 11 years old, at a stage of dentition prior
to the eruption of the second molars. The absence of the permanent second molars, in an area
difficult to reach by the scanner tip, could have contributed to speeding up the scanning procedure.10
In the present study, a statistically significant difference between the two impression procedures
favouring the Scanner Group in terms of comfort, gag reflex and breathing difficulty, was recorded.
Two studies found similar outcomes for these variables.11,12 Another study10 found significant
differences in comfort and gag reflex (favouring intraoral scanning) though nonsignificant differences
were reported in breathing difficulty between the two procedures.

In the present study, no statistically significant difference was found between the two procedures for
pain. A similar outcome was also reported by Yilmaz and Aydin.10

A limitation of our study was that previous experience with any kind of impression techniques was
not considered. Another limitation of the present study was that no intra-rater agreement of the VAS

was performed. A possible additional limitation could be related to the fact that the intraoral scanner
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used in this study is not the latest version available from the manufacturer. All patients in our sample

received intraoral scanning for the first time while they had varying experience with the alginate

impression. The results of the present study can be generalized to patients younger than 12 years.

Conclusions

In children between 6 and 11 years

1.
2.

75% of patients preferred digital impression.

Impression with intraoral scanner was significantly shorter than alginate impression.

Digital impression performed significantly better than alginate impression in terms of
comfort, gag reflex and breathing difficulty.

No pain differences were found between the two impression procedures.

No statistically significant differences for “vomiting-related” complications between the two

impression procedures were found.
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Chapter 3: 3D models superimpositions

3.1 Reliability and reproducibility of a best fit superimposition method of digital
dental models from adult patients.

Abstract

Cone Beam Computed Tomography (CBCT) is considered the gold standard for three-dimensional (3D)
superimposition in assessing tooth movement during orthodontic treatment. However, given current
guidelines emphasizing the reduction of radiation exposure, this study aimed to evaluate the
reliability and reproducibility of a novel digital model superimposition method that does not require
CBCT. This retrospective study included 10 adult patients who underwent comprehensive orthodontic
treatment without extractions. All patients had full-head CBCT scans and corresponding upper and
lower digital dental models. Two evaluators assessed tooth movement using a new superimposition
technique based on .stl files, using as superimposition references the palatal rugae for the maxillary
arch and the occlusion for the mandibular arch. The accuracy of this method was compared to the
gold standard, which involved superimposing .stl files with CBCT data. The mean variation in reference
landmark positions across the three spatial planes was similar between methods for both arches.
Inter-evaluator differences (A) ranged from-0.07 to 0.06 mm, which is not clinically significant.
Student’s t-tests showed no statistically significant differences between evaluators for any axis in
either method (p>0.05). Intraclass correlation coefficients (ICCs) demonstrated high agreement
between the two methods, ranging from 0.88 to 0.98. The 3D digital model superimposition
technique using the palatal rugae for the upper arch and the occlusion for the lower arch as reference
areas is a reliable and reproducible alternative to CBCT-based methods for evaluating orthodontic

tooth movement in non-growing patients treated without extractions.

Introduction

In orthodontics, superimposition techniques have been commonly used by both researchers and
clinicians to measure growth modifications, tooth movements and to assess treatment outcomes.
Traditionally, these assessments have relied on the superimposition of serial cephalometric
radiographs registered on stable skeletal structures such as the cranial base, maxilla, or mandible.[27]
However, this two-dimensional (2D) method has significant limitations, including image distortion and
the inability to accurately capture three-dimensional (3D) changes in all planes of space.'™ Cone
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Beam Computed Tomography (CBCT) has addressed many of these limitations and is now regarded
as the gold standard for 3D assessment of complex dentofacial structures.* CBCT allows for the
acquisition of high-resolution skeletal imaging and the 3D reconstruction of maxillary and mandibular
bones, enabling volumetric visualization of oral and maxillofacial anatomy with a high degree of
accuracy and detail 4

Serial CBCT voxel-based superimposition on the cranial base has been proposed as a reliable
reference for evaluating facial growth and orthodontic treatment outcomes.” However, this approach
requires full-skull imaging and, in accordance with the ALARA principle “As Low As Reasonably
Achievable”, efforts must be made to minimize radiation exposure. Consequently, current guidelines
recommend against the routine use of CBCT in conventional orthodontic practice.® Given these
radiation concerns, the development of reliable, radiation-free method for evaluating treatment
outcomes is imperative for routine clinical use.

Intraoral scanning offers a non-invasive means of obtaining full-arch digital dental models, facilitating
accurate diagnosis, treatment planning, and progress monitoring.> > ° Superimposition of 3D digital
models, using either landmark-based or surface-based registration techniques, enables precise
analysis of tooth movement and arch dimensional changes in all three spatial planes, without the
need for radiation.® % 1 Compared to 2D cephalometric superimposition, this digital method
provides several advantages, such as the elimination of tracing errors, accurate size representation,
absence of image distortion, and radiation-free assessment.*! Consequently, numerous studies have
explored various methods for applying 3D model superimposition in orthodontics.*™ 610, 12-21
Successful superimposition of digital models before and after treatment requires the identification of
stable reference regions.> '’ For maxillary models, the medial 2/3 of the third ruga and the posterior
area along the midpalatal suture have been proposed as stable reference structures since the least
changes during treatment and the minimal deformation of the palatal mucosa during impression due
to unmovable soft tissues of this area.l > & 1018 19 However, a recent systematic review highlighted
the scarcity of evidence supporting reference areas for mandibular digital model superimposition.*
An et al.,® evaluated the use of alveolar bone surfaces as reference regions for 3D mandibular model
superimposition and reported unsatisfactory results in patients without mandibular tori, especially
when the lingual alveolar surfaces of the anterior teeth were included, with discrepancies ranging
from 1.5 to 10 mm when compared with cephalometric measurements. Park et al.,° proposed a
method combining 3D CBCT images and digital models, suggesting that the best fit method on the

basal bone surface of the mandible, which is unaltered by orthodontic treatment, offers a reliable,
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reproducible, and straightforward reference for mandibular arch superimposition, despite requiring
the use of radiation to be performed.

To date, one study has attempted to validate a mandibular model superimposition technique without
CBCT. Souza et al.,?% presented a step-by-step protocol for 3D model superimposition of both arches
using a single reference point defined within the Universal Coordinate System (UCS): the palatal rugae
region for the maxilla and the lingual mucogingival junction for the mandible. However, since the
study did not compare the method against a gold standard such as CBCT based superimpositions, its
accuracy was not assessed.

Given the growing demand for radiation-free assessment methods and the lack of validated stable
structures for digital model superimposition, the aim of the present study was to evaluate the
reliability and reproducibility of a digital model superimposition technique, using the palatal rugae for
the upper arch and the occlusion as the transfer reference for the lower arch, in comparison to CBCT-

based superimposition.

Materials and Methods

This retrospective study included a sample of 10 patients (2 males, 8 females) with a mean age of 26
years at the beginning (ranging from 20 to 29 years) and 28 years (ranging from 22 to 32 years) at the
end of treatment were selected. All patients underwent comprehensive non-extraction orthodontic
treatment between 2016 to 2021. Inclusion criteria were complete permanent dentition, skeletal
maturation cervical stage (CS) CS6 evaluated by cervical stage valuation (CSV) method ?? at pre- (TO)
and post-treatment (T1) phases with records including full skull CBCTs, and upper and lower dental
casts.
Each dental cast was scanned separately and in occlusion with the intraoral scanner iTero Element 2,
(Align Technologies, San Jose, California) and exported in a Standard Tessellation Language format
(.stl). The digital casts were analyzed using a specific software (Geomagic Qualify 2013.0.1:64 Bit
Edition program, Raindrop Geomagic, Inc, Cary, NC).
The superimposition method consisted of four main steps as follows (Figure 1):

1. CBCT orientation, superimposition, and segmentation

2. Superimposition of digital models onto CBCT

3. Superimposition of digital models on palatal rugae and occlusion

4

Landmark placement and accuracy assessment
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‘ TO: pre-treatment ‘ T1: post-treatment ‘

‘ Acquisition of CBCT (TO: pre-treatment) ’ Acquisition of CBCT (T1: post-treatment) ‘
Step 1: CBCT
:g orientation, ‘ CBCT TO orientation ‘ ‘ CBCT T1 superimposed on TO and exported as T1’s orientation ‘
2 || superimpositi-
8 on and ‘ Reconstruction of 3D maxillary and mandibular bones ‘ [ Reconstruction of 3D maxillary and mandibular bones ‘
‘ .stl files exportation as reference model TO (RMTO) .stl files exportation as reference model T1 (RMT1)
’ Impression taking (TO: pre-treatment) Impression taking (T1: post-treatment)
‘ Digital scanning of TO upper and lower models (MUTO and MLTO) ‘ ‘ Digital scanning of T1 upper and lower models (MTUT1 and MTLT1) ‘
Step 2: ‘ Digital models in occlusion .stl files exportation (MOTO) ‘ ‘ Digital models in occlusion .stl files exportation (MTOT1) ‘
Superimpositi ‘ Integration with step 1 ‘ ‘ Integration with step 1 ‘
on of digital
model onto ‘ MOTO digital models on RMTO superimposition ‘ ‘ MTOT1 digital models on RMT1 superimposition ‘
CBCT
MOTO digital models and MUTO || MOTO digital models and MLTO | | MTOT1 digital models and MTUT1 | MTOT1 digital models and MTLT1
2 digital model superimposition digital model superimposition digital model superimposition digital model superimposition
-l —
g Step 3: TO upper (MUTO) and T1 upper (MAUT1) digital models on palatal
3 Superimpositi rugae superimposition
on of digital
model on ‘ MAUT1 and T1 model in occlusion MAOT1 superimposition ‘
palatal rugae
and occlusion ’ MAOT1 and T1 lower (MALT1) digital model superimposition ‘
Step 4:
Landmark Landmarks positioning (molars, canines and central incisors):
placement
and accuracy MUTO, MLTO, MTUT1, MTLT1, MAUT1 and MALT1
assessment

Figure 1. Flowchart illustrating the four main steps of the superimposition method. Step 1 was

performed using Dolphin Imaging, while steps 2 to 4 were completed in Geomagic Qualify software.

The digital datasets and abbreviations used in the study can be seen in the schematic illustration of

Figure 2.

Figure 2. Schematic illustration of the digital datasets and abbreviations used in the study at pre-

(initial: TO) and post-treatment (final: T1) for Tomography (Tomo) and Anatomy (Aanat) Groups.

Step 1. CBCT orientation, superimposition, and segmentation

Full head 3D CBCT image data was acquired with KODAK K9500® cone beam scanner (Carestream
Health, Rochester, USA). The patient underwent CBCT scanning in facial mode (FOV 20 x 18 cm) with
0.2 mm isotropic voxel, exposure time of 10.8 seconds, 90 kVp and 10 mA. The reconstructed digital
data was downloaded as digital imaging and communications in medicine (DICOM) files. Both initial

and final (TO and T1) DICOM data were uploaded to the Dolphin Imaging program (Dolphin
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International, Chatsworth, California) and CBCT TO was oriented according to the Frankfurt plane
(Figure 3A). Since the patients examined in our sample were non-growing individuals, each CBCT T1
was superimposed on the CBCT TO using the Dolphin Imaging voxel-based image registration on the

cranial base (Figure 3B and 3C).

o
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- Coronal Slice
(O Soft Tissue
Seg [0 -
© Hard Tissue /
Seg —]
© Soid [ ]

Volume/Volume Auto Superimposition

| (O Superimpose on the whele volumes
(Click on the "Superimpose Now! " button)

O superimpose on a sub-region of the volumes
(Define alarge sub-region now, and then dlick on the
“sUperimpose Now!” button when done)

| *MNote that the mare optimal the initial manual superimposition is,
, the better the auto superimposition wil perform,

o v

Stitch Mode

o~ [ 4AVEGEEANHINNI00
Figure 3. (A) Initial CBCT (CBCT TO0) orientation based on the Frankfurt plane. (B) Final CBCT (CBCT

T1) scan (yellow) superimposed onto the initial CBCT (CBCT TO) (blue) using voxel-based image
registration on the cranial base (region outlined in red). (C) And final CBCT (CBCT T1) orientation after

cranial base registration on the initial scan.

Then, upper and lower jaws of the CBCTs were segmented and exported as single .stl files named

RefTO (reference model at TO) and RefT1 (reference model at T1) (Figure 4).

Figure 4. Segmentation of the upper and lower
jaws in Dolphin Imaging Program of the initial
and final CBCTs (CBCT TO and CBCT T1),

exported as .stl files representing the reference

models (RefTO and RefT1 respectively).
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Step 2. Superimposition of digital models onto CBCT
TO and T1 digital models in occlusion, named respectively ModelsTO and ModelsTomoT1, were
superimposed on their respective reference models (RefTO and RefT1) through the best fit alignment.

To provide the best and larger common area to superimpose the buccal, lingual and occlusal surfaces

of dental crowns of ModelsTO with RefTO and ModelsTomoT1 with RefT1 were selected (Figure 5).

A B Cc

Figure 5. Dental crowns selected on digital model in occlusion (A) and CBCT (B) at TO. Final
superimposition using best-fit alignment, registering the model to the CBCT (C). The same process

was done to the digital models and CBCT at T1 of the Tomography Group.
Subsequently, single upper (UModelTO and UTomoT1) and lower (LModelTO and LTomoT1) digital

models were individually superimposed on TO and T1 digital models in occlusion (ModelsTO and

ModelsTomoT1), which was previously superimposed to RefTO and RefT1 (Figure 6).
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Figure 6. Single upper (UModelT0O and UTomoT1) and lower (LModelTO and LTomoT1) digital models
were individually superimposed on TO and T1 digital models in occlusion (ModelsTO and ModelsT1),
which was previously superimposed onto RefTO and RefT1. Initial superimposition is illustrated in

blue and final superimposition in yellow.

Since the CBCTs orientation were the reference for superimposition, this group of superimpositions

was called tomography (Tomo or t).

Step 3. Superimposition of digital models on palatal rugae and occlusion

A narrow area below the 2/3 of the third palatal rugae and along the mid palatal suture was selected
to superimpose T1 (UAnatT1) and TO (UModelTO) upper digital models using the best fit alignment.®
17,18 Then, T1 digital model in occlusion (ModelsAnatT1) was superimposed to UAnatT1. Finally, T1
lower digital model (LAnatT1) was superimposed using the occlusion as reference (ModelsAnatT1).
Since the superimposition reference areas were all anatomic structures, this group of

superimpositions was called anatomy (Anat or a) (Figure 7).
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Figure 7. (A) Superimposition of final upper digital model on the initial upper (UAnatT1l on
UModelT0). (B) Then, T1 digital model in occlusion (ModelsAnatT1) was superimposed to UAnatT1.
(C) Finally, T1 lower digital model (LAnatT1) was superimposed using the occlusion as reference

(ModelsAnatT1). This was the superimposition of the anatomy group.

Step 4. Landmark placement and accuracy assessment
Landmarks were defined in the central fossa of the first molars, on the cusp tip of the canines and on
the middle of the incisal edge of the central incisors. These landmarks were located on 6 models:

UModelT0, LModelT0, UTomoT1, LTomoT1, UAnatT1 and LAnatT1 (Figure 8).
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Figure 8. Marking of reference points on central incisors, canines, and first molars of the initial digital
models (blue); final digital models superimposed using CBCT reference (yellow); and final digital

models superimposed using rugae and occlusion reference (purple).

To establish an adequate reference system, a Cartesian coordinate system based on CBCT TO
orientation was determined for each patient. The axial plane corresponds to the x and y axis, the

sagittal plane corresponds to the y and z axis, and the coronal plane to the x and z axis (Figure 9).

Coordinates

Figure 9. lllustration of the Cartesian Coordinate System based on the orientation of the CBCT TO. The
axial plane corresponds to the x and y axes, the sagittal plane to the y and z axes, and the coronal

plane to the x and z axes.

To evaluate the method accuracy, mean differences among UTomoT1 and UAnatT1 landmarks, and

mean differences among LTomoT1 and LAnatT1 were examined (Figure 10).
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C D

Figure 10. Comparison of superimposition methods for the upper and lower arches. Final digital
models superimposed using CBCT reference are shown in A; those using rugae and occlusion are
shown in B, and differences among Tomo and Anat groups are shown in C with models illustrated in

yellow and purple respectively.

For each landmark, x, y, and z axis positions were recorded. Deviations in the z axis represents vertical
movements (extrusion or intrusion); in the y axis anteroposterior movements for the incisors
(retrusion or protrusion) and lateral movements for the molars (mesialization or distalization); and in
the x axis lateral movements for the incisors (mesiodistal movements) or buccolingual movements for
the molars. To determine the greatest divergences between the methods, mean differences for each

landmark on each axis were compared.

Results

The mean and standard deviation of the tooth displacement measurements along each axis (x, y, and
z) between TO and T1, for each method (t and a) and each evaluator (1 and 2) are shown in Table I.
The mean values for each method were similar for all types of movement in both arches. The inter-

evaluator differences (A) ranged from-0.07 to 0.06, which is not considered clinically relevant.
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Table 2 presents the intraclass correlation coefficients (ICCs) calculated to evaluate the reliability of
each method. Coefficients were high ranging from 0.87 to 0.98. Student’s t-test revealed no
statistically significant differences between evaluators for each axis in each method (p>0.05). These
results demonstrate that both methods were reliable, as each evaluator had high ICC values when
superimposing models using either CBCT or anatomical structures as references.

Agreement between both methods was also high as shown in Table Ill. ICC values were >0.90 for all
measurements, except for the z axis, which indicate vertical movements, where the ICC for evaluator
1 was 0.88.

The reproducibility of the methods assessed by ICCs is shown in Table IV. Both evaluators
demonstrated high reproducibility, with ICCs ranging from 0.81 to 0.99 for evaluator 1 and from 0.95
to 0.99 for evaluator 2.

Figure 11 shows the Bland-Altman plot, where the Y axis represents the differences between the
methods (A) and the X axis represents the tomography gold standard. The Bland-Altman 95% limits
of agreement for the Ax, which describes lateral movements for the incisors (mesiodistal movements)
or buccolingual movements for the molars, ranged from -2.18 mm to 1.89 mm for evaluator 1 and

from -1.72 mm to 1.80 mm for evaluator 2, with the mean of 0.70 and 0.13 mm respectively (Figures
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Figure 11. Bland-Altman plots showing agreement between superimposition methods. The Y-axis
represents the difference between methods (A), and the X-axis represents the CBCT gold standard

measurements.
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The Ay, which shows anteroposterior movements for the incisors (retrusion or protrusion) and lateral
movements for the molars (mesialization or distalization), ranged from -3.71 mm to 3.73 mm for
evaluator 1 and from -3.75 mm to 3.48 mm for evaluator 2, with the mean of 0.38 and 0.33 mm
respectively (Figures B and E). And Az, that represents vertical movements (extrusion or intrusion),
showed the greatest variation, ranging from -4.89 mm to 2.39 mm for evaluator 1 and from -4.96
mm to 1.65 mm for evaluator 2, with the mean of-0.83 and-0.76 mm respectively (Figures C and F).
Overall, the distribution of results was similar across evaluators with the highest variability observed
along the z axis as illustrated in Figure 11, Cand F.

The Kaplan—Meier survival curves (Figure 12) illustrate the cumulative probability of maintaining

lower measurement errors for each movement axis across the two evaluators.
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Figure 12. Kaplan—Meier survival curves for tooth movements along the x, y, and z axes assessed by
two evaluators. Z axis showed the highest survival, x axis the lowest, and y axis intermediate values.
Evaluator 1 demonstrated clearer separation among axes, while evaluator 2 presented a more

uniform result.

For both evaluators, vertical movements (z axis) showed the highest survival, indicating greater
consistency in detecting extrusion and intrusion. X axis presented the lowest survival probabilities,
reflecting reduced reliability, while y axis demonstrated intermediate results. Notably, evaluator 1
showed clearer separation among the three axes, suggesting greater sensitivity to directional
differences, whereas evaluator 2 exhibited more overlapping curves, indicating more uniform

performa NCe acCross axes.
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Discussion

The present study proposed and validated a new method for superimposing digital models of
orthodontic patients without relying on CBCT imaging and therefore without radiation exposure.
Previous research has consistently demonstrated the reliability of the palatal rugae for evaluating
tooth movement for the maxillary arch before and after orthodontic treatment.t-3 10,13, 15, 17,21, 23, 24
In particular, the second and third palatal rugae are considered stable reference structures, whereas
the first ruga is more susceptible to displacement,? especially during incisor retraction, with or
without extractions.” % 13 Several studies have identified the medial rugae points and the area
approximately 5 mm posterior to the third palatal rugae as highly stable and reliable landmarks, often
regarded as the gold standard for maxillary model superimposition. %13 Accordingly, in the present
study, upper arch superimpositions were based on these regions to maximize stability and
consistency.

In contrast, mandibular model superimposition remains less studied, largely due to the scarcity of
stable anatomical landmarks in the lower arch.?® No consensus has yet been reached regarding the
optimal technique for serial 3D mandibular superimpositions, and conventional registration
references each present inherent limitations. For this reason, the present study used the occlusal
plane as the reference area for lower arch superimposition, with results compared against CBCT-
based measurements. While the occlusal plane is sensitive to changes in its orientation, potentially
introducing variability in z-axis measurements, as shown in the Bland-Altman plots (Figure 11C and
F), it demonstrated greater consistency in this study than previously proposed anatomical
references.® ?° These findings are in accordance with Bailey,?” where second and third palatal rugae
were considered stable in the sagittal and in the transversal plane, with less precision in the vertical
plane.

The difficulty in defining reliable mandibular references is supported by previous findings: An et al.?
reported that alveolar surfaces were unreliable in patients without mandibular tori due to extensive
remodeling during orthodontic treatment, particularly in growing individuals, while Souza et al.?°
noted reduced reliability when restorative or periodontal procedures occurred during treatment.
Alternative approaches have been proposed, such as using the bilateral mandibular tori® or surface-
based methods,® both of which have shown mean discrepancies of less than 1 mm, consistent with
the present study’s results. Similarly, Oueiss et al.'? found no statistically significant differences

between 2D cephalometric and 3D model superimposition measurements.
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Patient selection was a deliberate methodological choice. The majority of previous research on 3D
model superimposition has focused on adult patients, as growth-related changes complicate
longitudinal comparisons.*® ?* In the present study, only non-growing patients were included to
validate the method without the confounding influence of growth, in line with evidence on anatomical
stability?® and with ethical considerations to minimize radiation exposure in younger patients. Sample
size in the literature varies widely, with substantial methodological heterogeneity and limited
standardization.® & 1 1220 Stydies have ranged from single-case reports to larger cohorts. In the
present study, 10 patients were included, consistent with prior validation research demonstrating that
this sample size is sufficient for drawing reliable conclusions.

Traditionally, orthodontic tooth movement has been assessed by superimposing pre- and post-
treatment cephalometric radiographs on stable skeletal landmarks. 3 131> 2% However, this 2D method
is limited by magnification errors, image distortion, and superimposition of bilateral structures, all of

which complicate landmark identification and introduce tracing errors.® 1> 16

Moreover,
cephalometric radiographs lack the comprehensive, high-resolution detail of CBCT or 3D intraoral
models. Notably, Liu et al.>® demonstrated that lateral cephalogram superimpositions and palatal
rugae-based 3D model superimpositions are equally reliable, supporting the use of radiation-free
digital methods when appropriate. For these reasons, CBCT superimposition was adopted as the gold
standard for comparison in the present study.

Clinically, discrepancies greater than 2 mm or 2 degrees on lateral cephalograms are generally
considered significant. In this context, discrepancies of less than 1 mm between the present method
and CBCT-based superimposition can be considered more than acceptable for assessing tooth
movement, particularly given that the method is radiation-free. The 3D model superimposition
approach evaluated here- using palatal rugae for the maxillary arch and the occlusal plane for the
mandibular arch- demonstrated excellent reliability (Table 3) and reproducibility (Table 4). It offers an
accurate, efficient, and non-invasive option for assessing orthodontic treatment outcomes in adult
non-extraction cases.

In the present study, the superimpositions to assess tooth movement were performed on digital
models obtained by scanning plaster casts with an intraoral scanner, rather than on direct intraoral
scans. This additional digitization step may introduce minor artefacts, which, as demonstrated by
Henninger et al.,3! can lead to distortions in superimposition outcomes. In addition, although the
measurements were performed using high-reliability software,?> 33 they relied on manually traced

points placed by two operators on the upper and lower molars, canines, and incisors at both pre- and
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post-treatment stages. This procedure may increase the potential for intra- and inter-examiner
variability. A possible refinement would be to apply centroid calculations after highlighting a surface
with precise coordinates, which was a method previously used successfully by Heni et al.,* thereby
minimizing distortions attributable to measurement errors.

Future research should investigate the method’s applicability in growing patients and in more complex
treatment scenarios, such as extractions or orthognathic surgery. Establishing universally accepted,
reliable anatomical landmarks, particularly for the lower arch, will be key to integrating 3D model
superimposition into routine orthodontic practice as a practical, accurate, and radiation-free

alternative to CBCT.

Conclusion

Three-dimensional digital model superimposition, using the palatal rugae as a reference for the
maxillary arch and the occlusion for the mandibular arch is a reliable and reproducible method for

assessing orthodontic tooth movements in non-growing patients treated without extractions.
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Chapter 4: 3D printing

4.1 Influence of printing orientation on flexural strength and flexural modulus of 3D
printed resins for occlusal splints before and after water aging.

Abstract

The aim of this study was to assess the effect of printing orientation and water ageing on the flexural
strength and flexural modulus of 3D printed resins for occlusal splints. Bar-shaped specimens were
designed with dimensions of 64 x 10 x 3.3 mm according to ISO 20795-2: 2013. Specimens were 3D
printed with the Form 3B printer (Formlabs), using Dental LT Clear Resin (CL) or Comfort Resin (CO)
(Formlabs), and 3 different printing orientations: as per manufacturer’s recommendation (40° N=20),
parallel (0° N=20), or perpendicular to the build platform (90° N=20). To simulate intraoral ageing, half
of the specimens per material and printing orientation (N=10) were stored in distilled water at 37°C
for 30 days prior to testing. Specimens were tested in a 3-point bending apparatus using a universal
testing machine equipped with a 50 N load cell moving at a crosshead speed of 5 mm/min. Flexural
strength (MPa) and flexural modulus (GPa) data were collected and statistically processed with
separate analyses for unaged and aged specimens (two-way or one-way ANOVA; Tukey test; p < 0.05).
In dry conditions, both resin materials exhbited highest flexural strenghth and modulus in the 90°
orientation group and lowest in the 40° orientation group. After water aging, all groups showed
reduced flexural strength and modulus, with CO displaying up to 52% loss in flexural strength and
values falling below ISO thresholds. CO exhibited consistently significantly lower flexural strength and

modulus than CL among irrespective of aging.

Introduction

With a groundbreaking impact on dentistry, additive manufacturing, also known as 3D printing, has
been effectively utilized for the fabrication of several customized dental devices, including occlusal
splints [1,2]. Occlusal splints are intraoral devices commonly used to address temporomandibular
joint disorders and parafunctional muscular activities by modifying occlusal contacts and jaw
relationship, with the intention to reduce muscle tightness and alleviate clinical symptoms. They also
provide protection against tooth wear [3,4]. Traditionally, occlusal splints have been manufactured

with conventional methods, such as wax modelling and thermoforming techniques [5]. However, the
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new technologies of intraoral scanning, 3D modelling, and 3D printing have enabled the production
of occlusal splints with enhanced fit and greater control over materials thicknesses, easing the
achievement of occlusal contact balance. Reduction of laboratory time and limitation of material
waste are also reported benefits of the digital workflow [3,6,7]. The variety of available materials has
been considered as another advantage of 3D printing in dentistry, and resins specifically meant for
occlusal splints fabrication have been marketed [2].

When assessing the mechanical properties of 3D-printed occlusal splints [7,8], several factors, such
as resin composition [9-13], printing technology [13,14], layer thickness [14-16], and post-curing
methods [15-17] were found to be relevant. Nevertheless, printing orientation [16,18-25] and storage
media [11,13,15,23,26-29] were identified as the most influential variables.

As 3D printing produces the manufacts in a layer-wise manner, printing orientation has been reported
to have a significant influence on the flexural strength and modulus of 3D-printed devices [18,30].
When a force is applied, the between-layer interfaces are deemed as points of weakness, owing to
the possible presence of voids or to insufficient adhesion between the layers. [31]. Moreover, the
layered configuration renders the 3D printed structures inherently anisotropic, i.e. displaying different
mechanical behavior depending on the direction of the force applied. Anisotropy in turn generates
varying levels of internal stresses within the printed devices, which can impact their resistance to
bending [18,30]. It therefore appeared interesting to verify to what extent the printing orientation
parameter affects the mechanical properties of resins indicated for 3D printing of occlusal splints
[19,30].

Another phenomenon with relevant influence on the mechanical characteristics of dental resins is
water sorption, wherein resin materials absorb moisture from the surroundings. Prolonged water
sorption incites the hydrolytic degradation of the chemical bonds between the resin matrix and
surrounding fillers, and triggers the release of leachable resin elements into the oral environment,
both of which accumulatively weaken the integrity of the overall 3D printed polymer structure [32].
Water sorption of 3D-printed resin restorations has been confirmed to adversely impact their
dimensional accuracy, mechanical durability, and long-term stability by means of the plasticizing effect
of water molecules [30,32-35].

Few studies previously assessed the mechanical properties of 3D printed resins for occlusal splints,
after water storage to simulate intraoral ageing [10,13,15]. However, the adopted experimental set-
ups differed largely among studies, hindering a meaningful comparison among their findings.

Additionally, the current literature has overlooked a 3D printed resin that has gained significant
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diffusion in the dental community, also due to its use in the fabrication of orthodontic retainers. The
referred resin is Dental LT Clear v2 (Formlabs, Sommerville, MA, USA, C). Lately, the same
manufacturer has introduced an innovative resin for 3D printing of occlusal splints, Dental LT Comfort
(Formlabs), stating that the material provides increased flexibility, greater resistance to fracture and
wear, in addition to enhanced transparency. These claims, however, need to be validated
independently.

Thereby, the present study was aimed at comparatively assessing the mechanical behavior under
flexural loading of Dental LT Clear v2 and Comfort resin specimens, printed at different angulations to
the build platform, before and after water storage. Flexural strength and flexural modulus data were
acquired using a three-point bending model. The tested null hypothesis was that no difference in
flexural strength or modulus existed between the two materials regardless of printing orientation and

ageing.

Materials and Methods
Specimen preparation
Table 1 reports the chemical composition of the two tested resins: Dental LT Clear v2 (CL) and Dental

LT Comfort (CO).

Table 1. Description of characteristics and compositions of the investigated dental resins.

Material Manufacturing System . o
(manufacturer) method Abbr. (manufacturer) Composition (wt %)
Dental LT Cl 2
en(liaormlasjr Y Bisphenol A dimethacrylate (50-70%)
L Low force SLA Form 3B Urethane dimethacrylate (25-45%)
Somerville, L CL
printing (Formlabs) Methacrylate Monomer(s) (7-10%)
Massachusetts, Photoinitiator(s) (<2%)
USA) ?
Dental LT Comfort
en(sormlai)rsn or Urethane dimethacrylate (55-75%)
o Low force SLA Form 3B PEG dimethacrylate (15-25%)
Somerville, L CcO
printing (Formlabs) Methacrylate Monomer (10-20%)
Massachusetts, Initiator (<1%)
USA) °

Following I1SO 20795-2:2013, which applies to orthodontic base polymers and co-polymers used in
both active and passive orthodontic appliances, specimens with dimensions of 64 x 10 x 3.3 mm were

designed using Tinkercad software (Autodesk, San Rafael, CA, USA, accessed online on March 3rd,
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2023). The design file was exported in STL format and imported into PreForm software 3.28.1
(Formlabs, Somerville, MA, USA) for automatic support generation and slicing.

To assess the influence of printing orientation on flexural properties, specimens were designed at
three different orientations relative to the build platform: parallel (0°), perpendicular (90°), and

manufacturer-recommended angulation (40°) (Fig. 1).

Figure 1. Digital diagram showing the different printing orientations (90°, 40°, 0°) for the resin

specimens.

For each material and printing orientation, 20 specimens were fabricated using a Form 3B
stereolithography (SLA) printer (Formlabs, Somerville, MA, USA), with a layer thickness of 100 um. CL
specimens were washed in isopropyl alcohol (IPA, >99%) using the Form Wash device (Formlabs,
Somerville, MA, USA) for 15 minutes. An additional 5-minute wash in fresh IPA followed. After drying
at room temperature for at least 30 minutes, specimens were post-cured in the Form Cure curing
machine (Formlabs, Somerville, MA, USA) at 60°C for 60 minutes, according to the manufacturer's
recommendations. CO specimens were washed with [PA (299%) in the Form Wash device (Formlabs,
Somerville, MA, USA) for 10 minutes. After drying at room temperature for at least 30 minutes,
specimens were post-cured in the Form Cure machine (Formlabs, Somerville, MA, USA) at 60°C for 20
minutes, as per manufacturer’s instructions. Subsequently, supports were removed using a cutting
disk (Horico Diamond Disc Double Sided Handpiece 355C/220 2.2 mm, HORICO DENTAL Hopf, Ringleb
& Co. GmbH & Cie, Berlin, Germany), mounted on a handpiece.

In accordance with ISO 20795-2:2013, the height of the specimens was measured at three points
along the long axis using a digital caliper (Beta Utensili S.p.A., Sovico, Italy) with an accuracy of + 0.01

mm, and it was verified that the deviation between measurements did not exceed + 0.02 mm.
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Artificial ageing protocol

All the specimens were stored in a water bath at 37°C for 5 minutes to simulate the oral environment
[36], still in accordance with ISO 20795-1. For each combination of material and printing orientation,
half of the specimens, selected at random, were tested immediately after production, at room
temperature and under dry conditions. The remaining specimens were stored in distilled water at

37°C for 30 days prior to testing.

Flexural strength test

The three-point bending test apparatus consisted of a central loading plunger (anvil) and two
cylindrical supports (rollers), each 3.2 mm in diameter. The distance between the centers of the
supports was maintained at 50 = 0.1 mm, and the loading plunger was positioned within 0.1 mm of

the midpoint between the supports (Fig. 2).

Figure 2. Experimental setup for the three-point bending test. The resin specimen is positioned with

its central portion aligned under the crosshead.

Testing was performed using a universal testing machine (ESM 301 Mark-10, Copiague, NY, USA)
equipped with a 50 N load cell (M5-50, Mark-10, Copiague, NY, USA), at a crosshead speed of 5
mm/min. The test was terminated when the specimen deflection reached 15 mm, according to the
Perea-Lowery protocol [10]. The direction of the applied load in relation to the printed resin layers is

illustrated in Figure 3.
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a) b) V]

Figure 3. a) Experimental setup for the three-point bending test of a resin specimen printed at 90°

(a), 40° (b), and 90° (c) to the build platform.

The fracture load was recorded in Newtons (N), and the flexural strength (o) was calculated in

megapascals (MPa) using the following formula:

_ 3F
o= 2wh?

The flexural modulus (E) was calculated in gigapascals (GPa) using the formula:

. FI3
"~ 4wh3d

where F is the fracture load in Newton, | is the distance between the supports in millimeters, w is the

width in millimeters, h is the height in millimeters and d is the deflection in millimeters at load F.

Statistical analysis

Flexural strength

As the overall distribution of the collected flexural strength data was not normal according to the
Shapiro-Wilk test, the use of a three-way Analysis of Variance (ANOVA) with flexural strength as the
dependent variable, material type, print angulation, and water storage as factors was precluded.

Thereby, two separate statistical analyses were applied to unaged and aged specimens.

Flexural strength of unaged specimens

As the data met the requirements of normality of data distribution (Shapiro-Wilk test) and
homogeneity of group variances (Levene test), the two-way ANOVA was applied, with flexural strength
as the dependent variable, material type and print angulation as the independent variables. The
statistical significance of each factor, as well as of the between-factor interaction was assessed. The

Tukey test was applied for post hoc comparisons as needed.
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Flexural strength of aged specimens

The finding that the data distribution was not normal according to the Shapiro-Wilk test ruled out the
use of a two-way ANOVA with flexural strength as the dependent variable, material type, and print
angulation as factors. Therefore, two distinct one-way ANOVAs had to be applied to the data,
separately assessing the statistical significance of the influence of material type and of print

angulation. The Tukey test was used for post-hoc comparisons as needed.

Flexural modulus

The same statistical analysis as for the flexural strength data of aged specimens had to be applied to
the flexural modulus data of aged and unaged specimens separately. In all the tests the level of
significance was set at p < 0.05. Statistical calculations were handled by the PASW Statistics 18
software (SPSS Inc., Chicago, IL, USA).

Results

Flexural strength of unaged specimens

Table 2 reports the descriptive statistics of flexural strength measurements in MPa of unaged
specimens, along with the outcome of the statistical analysis. The two-way ANOVA disclosed that the
type of material was an effective factor for flexural strength per se (p<0.001). Specifically, regardless
of the print angulation, CO exhibited a significantly lower flexural strength than CL. Print angulation
was also a significant factor per se (p<0.001). Irrespective of the resin type, specimens printed at 40°
had the lowest and those printed vertically the highest flexural strength. All the differences among
print angulations were statistically significant according to the Tukey test (p<0.05).

The between-factor interaction was also statistically significant p<0.05). The Tukey test revealed that
CL specimens printed at 40° had significantly lower flexural strength than those printed horizontally
or vertically, which were similar to each other. Also, CO specimens measured the lowest strength
values when printed at 40°, while the highest values were recorded by specimens printed vertically.
All the differences among print angulations within the CO group were statistically significant.
Additionally, it emerged from the Tukey test that CO yielded significantly lower flexural strength than
CL when printing was done horizontally or at 40°, while in vertical prints, the difference between the

two resins was not statistically significant.
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Table 2. Descriptive statistics of the flexural strength values in MPa of unaged specimens.

Material Print angulation N Mean Std. Deviation
0°aa 10 72.65 1.83
Dental LT Clear 40°ba 10 68.31 1.46
Resin (CL)* 90°a 10 72.74 1.02
Total 30 71.23 2.54
0°bb 10 66.89 2.08
Dental LT Comfort 40°cp 10 62.71 1.21
Resin (CO)§ 90°a 10 71.47 1.26
Total 30 67.03 3.94
) 0°B 20 69.77 3.51
aT:gtj:a%r;nnts 40°C 20 6551 3.15
90°A 20 72.11 1.29

Different symbols and letters label statistically significant differences. Specifically, capital letters label statistically
significant differences among print angulations regardless of material type. Small, bold letters label statistically significant
differences among print angulations within CL. Small, underlined letters label statistically significant differences among
print angulations within CO. Small italic letters label the statistically significant difference between materials printed at 0°
angulation. Greek letters label the statistically significant difference between materials printed at 40° angulation. The

difference between materials printed at 90° was not statistically significant.

Flexural strength of aged specimens

Table 3 reports the descriptive statistics of flexural strength measurements in MPa of aged specimens,
along with the outcome of the statistical analysis. Water storage reduced the flexural strength in all
the experimental groups. For CO the greatest decrease in mean flexural strength occurred for
vertically printed specimens (51.18%). The flexural strength values of CO remained significantly lower
than those of CL and significantly different among print angulations (p<0.05). Among CL specimens,
those printed horizontally manifested the greatest reduction in mean flexural strength with water

storage (17.92%), and recorded significantly lower values than vertical prints (p<0.05).

Table 3. Descriptive statistics of the flexural strength values in MPa of aged specimens.

Material Print angulation N Mean Std. Deviation

Dental LT Clea 0 10 59.63 2.39
Resin (CL)* r 40°4 10 61.55 0.79
90 10 62.91 219
Dental LT Comfort 0°c 10 42.14 2.077
. 40°F 10 30.61 1.57

Resin (CO)§ =
90 10 34.08 0.98

Different superscript letters label statistically significant between-group differences (p<0.05).
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Flexural modulus of unaged specimens

Table 4 presents the descriptive statistics of flexural modulus values in GPa of unaged specimens. CO

resin exhibited significantly lower flexural modulus than CL resin (p<0.05). For either resin flexural

modulus increased with increasing print angulation and the differences were statistically significant

(p<0.05), except for the CL 0°-CL 40° comparison (p>0.05). CO specimens printed horizontally, and CL

specimens printed vertically had respectively the lowest and the highest flexural modulus.

Table 4. Descriptive statistics of flexural modulus values in GPa of unaged specimens.

Material Print angulation N Mean Std. Deviation

Dental LT Clea 0°® 10 0.541 0.017

Resin (CL)* r 40°° 10 0.545 0.015

90 10 0.582 0.008

Dental LT Comfort 0t 10 0.159 0.006

ente . ormror 40°P 10 0.224 0.007
Resin (CO)§ e

90 10 0.245 0.005

Different superscript letters label statistically significant between-group differences (p<0.05).

Flexural modulus of aged specimens

Table 5 presents the descriptive statistics of flexural modulus values in GPa of aged specimens.

Similarly to flexural strength, flexural modulus was decreased by water storage in all the experimental

groups, and the greatest reduction in mean flexural modulus was recorded for CO resin in vertically
printed specimens (48.16%), while for CL resin in the horizontally printed ones (19.96%). Also, after
ageing CO specimens exhibited significantly lower flexural modulus than CL specimens (p<0.05). For
CL resin flexural modulus increased significantly with increasing print angulations and 90° specimens
recorded the highest flexural modulus (p<0.05). Conversely, aged CO specimens displayed very low

flexural modulus values, which were statistically similar regardless of the print angulation (p>0.05).

Table 5. Descriptive statistics of flexural modulus values in GPa of aged specimens.

Material Print angulation N Mean Std. Deviation

Dental LT Clea 0°C 10 0.43 0.018

Rean (CL)* ' 40°B 10 0.48 0.006

90°A 10 0.49 0.016

0°D 10 0.11 0.005

DentaI.LT Comfort 20°D 10 011 0.006
Resin (CO)§ -

90°D 10 0.12 0.003

Different superscript letters label statistically significant between-group differences (p<0.05).
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Discussion

The present study findings revealed significant differences in the flexural strength and flexural
modulus of occlusal splint resins printed at different orientations. Moreover, water ageing
considerably impacted flexural properties. Thereby, both formulated null hypotheses were rejected
herein.

Flexural strength refers to the ability of a material to withstand bending under the application of an
external force, quantified as the highest stress the material can endure before failure. Additionally,
flexural modulus represents the material’s initial resistance to bending under an applied load, wherein
a higher modulus indicates a stiffer material [30,37]. Flexural strength and flexural modulus are key
mechanical properties used to assess the long-term clinical performance of dental resins undergoing
masticatory forces [30]. According to ISO standards for dental resins, the minimum requirement for
flexural strength is 65 MPa, while for flexural modulus, the threshold value is 1.5 GPa [38]. Considering
the absence of an ISO standard specifically designated for occlusal splint materials, the present study
adopted the ISO 20795-1:2013 standards indicated for denture base polymers and copolymers, as
had been done in previous studies [8,9,39]. Nevertheless, there are distinct disparities between the
chemical compositions of traditionally manufactured acrylic resin splints and additively manufactured
occlusal devices, which raises the question of the applicability of such conceived standards, and in
turn, challenges the validity of interpreting the previously reported findings and the clinical relevance
therein.

It is also noteworthy to highlight the absence of a standardized ageing protocol exclusively indicated
for 3D-printed specimens. The employed ageing regimen in the present study involved one month of
water storage isothermally at 37°C [7,10,15,40]. This was based on the evidence that occlusal splints
do not undergo thermal fluctuations in the oral cavity, considering they are used by patients during
the night and not subjected to dietary components of varying temperatures. Nevertheless, the
reported ageing protocols in the literature varied widely, ranging from 50 hours at 37°C [9] to 10 or
14 days [41,42], and up to 60-days [21]. Likewise, variations exist in thermocycling ageing regimens,
ranging from thermocycling between 5°C and 55°C temperatures for a duration of 1 minute per cycle
for 10,000 cycles [43,44], to 30 seconds per cycle for 3,860 cycles [45], and up to 80,000 cycles [19].
The lack of standardization in defining precise storage times that simulate the oral environment may
contribute to discrepancies in the measured flexural properties.

In the present study, when tested immediately after fabrication, all unaged resin groups exceeded the

ISO recommended minimum requirement flexural strength threshold (> 65 MPa). The findings of the
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CL are within the range of the values reported in previous similar studies. While the observed results
are consistent with those stated in a study by Prpic et al. (75.25 MPa) [8] and Simeon et al. (78.86-
85.81 MPa) [19], they are higher than those reported by Nakornnoi et al. (35.09 MPa) [46], and
considerably lower than those reported by Aretxabaleta et al. (147.7MPa) [47]. Nonetheless,
dissimilarities in flexural strength values may be explained by the disparities among specimen
dimensions. Prpic et al. [8], as well as Simeon et al. [19] indeed employed similar dimensions as the
present study (64.0 x 10.0 x 3.3 mm and 64.0 x 11.0 x 4.0 mm respectively), while Nakornnoi et al.
used larger specimens (80 x 10 x 1mm) [46], and Aretxabaleta et al [47] tested much smaller
specimen geometries (25x2x2mm). Such diversities load-bearing areas, which led to differences in
stress distribution and flexural strength. Conversely, to date, no study has investigated the flexural
strength of CO, which demonstrated lower flexural strength values compared to CL. Such a difference
may be ascribed to variations in the chemical composition of the resins, which play a crucial role in
determining their mechanical properties, as the final characteristics of resin-based materials are
largely determined by the interactions within the monomer mixture and the characteristics of the
resultant polymer network [10,48]. The CL group was primarily composed of bisphenol A
dimethacrylate (Bis-GMA) by 50—70 wt%, with lesser quantities of urethane dimethacrylate (UDMA,
25-45 wt%). Differently, the CO group was predominantly composed of UDMA by 55-75 wt%.
Although UDMA can form hydrogen bonds by virtue of its urethane groups, these interactions are not
as strong as those found in Bis-GMA. Consequently, resins with high amounts of UDMA tend to exhibit
higher flexibility, superior degree of monomer conversion, and greater morphological homogeneity.
In contrast, the hydroxyl groups in Bis-GMA, combined with its rigid core, result in extensive hydrogen
bonding networks, yielding higher viscosity and greater stiffness [49,50]. Moreover, the recorded
flexural strength data for both resin materials were considerably lower than those reported by the
manufacturer (CL= 84 MPa, CO=: 21 MPa) [51,52], which may be the result of differences in the
flexural strength test setup, as the manufacturer employed the 4-point bending test in line with the
ASTM D790-15 standards procedure B [53], whereas the present study conducted the 3-point
bending test according to the ISO 20795-1:2013 standards [38]. Previous studies have confirmed
higher flexural strength values obtained from 3-point bending tests by virtue of the concentrated
applied force at one contact point, whereas in the 4-point bending test the applied force is uniformly
distributed over a broad surface area, thus fostering uniform stress distribution and lower flexural

strength values [54,55].
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Despite the introduction of multiple resin formulations into the market indicated for occlusal splint
fabrication, there has been limited research assessing their long-term mechanical properties
[11,13,15,26,27]. Similarly, the majority of previous comparisons have been drawn between
conventional manufacturing methods and 3D printing [5,7-9,41,42,56,57]. However, the increased
adoption of 3D printing necessitates a thorough evaluation of the impact of printing parameters.
Indeed, the orientation of objects on the build platform influences fabrication accuracy, printing time,
and post-processing requirements by altering the number and dimension of overlapping layers [20].
In vertical printing (90°), specimens are built up perpendicular to the printing platform, and each layer
comprises a reduced surface area. On the other hand, in horizontal printing (0°), specimens are
layered parallel to the printing platform, with each layer displaying a larger surface area. Furthermore,
90° orientation permits the accommodation of a greater number of objects on the build platform,
thus reducing resin consumption and the necessity for extensive support structures, which, in turn,
streamlines the finishing process. Conversely, 0° orientation results in fewer layers, thereby
accelerating the printing process [19]. For these reasons, the present study evaluated specimens
printed at 0°, 90°, and at the manufacturer-recommended 40° angulation. While the printing
orientation considerably influenced the flexural properties of both resin materials to varying degrees,
the specimens printed perpendicular to the printing platform consistently exhibited superior flexural
strength and modulus outcomes. This observation has been corroborated in the literature, wherein
additively manufactured occlusal splints exhibited the highest flexural strengths when printed
vertically [19,21]. Therefore, it can be inferred that when printed resin layers align parallel to the
compressive force that mitigates tension-induced fracture, an anisotropic structure is created.
Moreover, vertical orientation produces minimal resin build-up due to gravity, thereby yielding greater
homogeneity and coherence between printed resin layers [58]. Conversely, the 40° printing
orientation obtained the lowest flexural strength results for both resins, which may be attributed to
the relative positioning of the printed resin layers in relation to the applied load or to inadequate
adhesion between layers. Thus, when force is exerted at an angle that is not perpendicular to the
layers (Fig. 3.b), it may lead to increased deflection and reduced resistance to bending among the
external resin layers. However, although the observed reduction of approximately 4 MPa at 40° is
statistically significant, it is still considered modest in absolute terms and remains within ISO
requirements.

In the present study, the flexural modulus parameter of unaged specimens was also significantly

influenced by material type and printing orientation, with measured values falling below the I1SO
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20795-2:2013 requirement (< 1.5 GPa), particularly for the CO resin. The significantly lower flexural
modulus of CO is in line with the manufacturer’s aim to produce a material with greater flexibility and
comfort [52]. Concerning with CL, the flexural modulus values recorded in the present study were
lower than those declared by the manufacturer (2.3 GPa) [51], and also inferior to those reported by
Simeon et al. (1.94- 2.09 GPa) [19] and Nakornnoi et al. (1.25-1.55 GPa) [46]. This may be justified by
the dissimilar flexural test apparatuses (3-point bending vs. 4-point bending) [51], varying specimen
dimensions [46], or the parafilm taping of the support pins to prevent specimen sliding and eliminate
unwanted friction at the supports [19]. Additionally, specimens printed at 0° demonstrated the lowest
flexural modulus among both resins, indicating greater stiffness therein. This may be explained by the
unfavorable resin build up when printing parallel to the platform, which caused imbalanced
polymerization and adhesion among printed resin layers [58]. While the observed effect of printing
angulation on flexural strength and modulus is relatively moderate, it still impacts the overall load-
bearing capacity of the printed material. Clinically, these findings indicate perpendicular printing
orientation as the most effective for occlusal device applications [41].

After water immersion, aged CL specimens presented increased surface irregularities and roughness,
compared to thermoplastic sheet resins tested in the study by Neoh et al. [43]. In contrast, milled
occlusal devices offered superior mechanical properties [8], as well as fewer porosities and a higher
degree of polymerization [9,59]. Berli et al. reported that 2 out of 3 3D-printed materials absorbed
twice as much water as pressed and milled counterparts, indicating higher porosity in the former, a
factor that may further compromise their mechanical performance [9]. Exposure to water has
multiple effects on the properties of resins, encompassing plasticization and softening of the matrix,
along with the elution of unreacted monomers and small oligomers into the oral cavity. Additionally,
water sorption results in an overall expansion of the device [33]. In the present investigation, a notable
decrease in flexural strength was observed for both CL and CO after one month of water storage.
These findings align with those reported by similar studies [9,13,15,26,27], where artificial ageing
significantly deteriorated the flexural strength of 3D-printed splint materials. In addition, Xu et al. [17]
reported that prolonged washing of occlusal splints adversely affected their flexural strength, with
highest strength detected after 5 minutes of washing. Nonetheless, among CL specimens, no
differences were observed between printing orientations, and acceptable flexural strength values
were maintained after ageing. In contrast, aged CO specimens printed at 40° had their flexural
strength reduced by approximately half after water storage, with values falling below the threshold

of acceptability set by ISO standards. This occurrence may be ascribed to the hydrophilic nature of
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urethane linkages in UDMA, which may have further facilitated water penetration in CO [48]. The
flexural strength outcomes of CO raise concerns about its long-term clinical performance, when
subjected to heavy masticatory forces.

Likewise, water storage also led to a decrease in flexural modulus in both resin groups (< 0.5 GPa),
with a similar trend observed among printing orientations, with a pronounced reduction detected in
CO compared to CL. Despite the lack of consensus and the complex informed decisions regarding
splint material selections [9], in clinical practice the splint materials that display greater flexibility
under masticatory forces might lead to premature wear of the occlusal surfaces and are thereby
considered less favorable for the treatment of TMJ disorders, where firmer splints are often preferred
to ensure timely symptom relief [39].

A limitation of the present study can be considered that the investigated resins herein allow 100 pm
printed layer thickness, however, other printable resins offer the possibility of printing layers with
minimal thickness, such as 50 um. Therefore, the effect of layer thickness on flexural properties
cannot be concluded based on the present findings. Reducing layer thickness increases the number
of layers and interfaces, which could amplify the observed differences among printing orientations.
Previous research revealed that decreasing layer thickness can enhance the strength of printed resin
prosthesis [15,41,60,61]. Another limitation is that the implemented ageing protocol of 30-day
continuous water storage does not fully replicate clinical conditions. Thus, additional studies are
needed to evaluate the long-term performance of the available materials under simulated oral
conditions such as dynamic loading or, even more relevantly, in the clinical setting. A deeper
understanding of the impact of experimental testing variables will aid in optimizing material selection
and printing parameters, aiming at enhancing the durability and clinical performance of occlusal

splints.

Conclusions

1.Dental LT Comfort resin exhibited significantly lower flexural strength and modulus compared to
Dental LT Clear v2 resin.

2. 3D printed occlusal splint resin specimens printed at 90° consistently demonstrated superior
flexural strength and modulus.

3. For both resins printing at 40° to the build platform, as recommended by the manufacturer, resulted

in significantly lower flexural strength.
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4. After water storage, the flexural strength and modulus decreased for both resins, with Dental LT
Comfort experiencing up to 52% loss in flexural strength and ex-pressing values that fell below ISO

threshold for clinical acceptability.
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4.2 Influence of Printing Orientation on Surface Roughness and Gloss of 3D Printed
Resins for Orthodontic Devices.

Abstract

The study aims to assess the effect of printing orientation on surface roughness and gloss of resins
for 3D printing of aligners. Squared specimens (14 x 14 x 4 mm) were printed using Dental LT Clear
(Formlabs, Somerville, MA, USA; LT) or Tera Harz TC-85 DAC (Graphy, Seoul, Republic of Korea; TC)
with different orientations: 0c (horizontal), 90¢ (vertical), and as per the manufacturer’s
recommendation (40 for LT, 60° for TC). A profilometer was used to measure roughness (Ra) in um,
while gloss was recorded in gloss units (GU) with a glossmeter. The collected data were statistically
analyzed. Material type did not significantly influence roughness, while print orientation was an
influential factor, with the orientation recommended by the manufacturer yielding the roughest
specimens. Vertical printing resulted in significantly higher roughness than horizontal. Material type
was a significant factor for gloss, with TC exhibiting significantly higher gloss than LT. Print direction
significantly influenced gloss, with vertical printing resulting in the highest gloss. The finding of higher
roughness for vertical prints can be explained by the presence of a greater number of layers. The
superior gloss exhibited by TC regardless of print angulation could be related to the effective cleaning
of uncured resin by centrifugation and to the high degree of monomer conversion in nitrogen

atmosphere.

Introduction

A great interest is currently surrounding the use of resins for the direct three-dimensional (3D)
printing of orthodontic aligners. It has been reported that, in comparison with the thermoforming
procedure, direct printing simplifies the workflow, reduces the amount of plastic waste, and produces
aligners with improved adaptation whose thickness can be better controlled [1-4].

Direct-printed aligners have been tested for fit accuracy, mechanical properties, citotoxicity, and
estrogenicity [2,3]. Yet the evidence so far collected on their surface characteristics is limited [5—7].
Nevertheless, such properties are clinically relevant for their bearing on plague retention, staining
and translucency loss of the aligner, tongue comfort, aligner wear, and consequent monomer leaching
[2-5]. Additionally, the choice of materials available for the 3D printing of aligners is still reduced. The
resin that has been most tested as an aligner material [4], the Dental LT Clear (Formlabs, Somerville,

MA, USA), is actually meant for occlusal splint fabrication [5]. Of the few materials currently marketed

66



for the direct printing of aligners [4,5], Tera Harz TC-85 DAC resin (Graphy, Seoul, Republic of Korea)
has been recently tested for surface roughness in comparison with Invisalign aligners [6,7]. Koletsi et
al. assessed the surface roughness of ‘as-received’ aligners and after 1 week of intraoral use [7]. It
was reported that, for direct-printed aligners, roughness parameters increased significantly with
function [7]. The observation that the aligners tested in the mentioned study had been cured
according to an earlier protocol in the presence of oxygen prompted Eslami et al. to evaluate the
properties of 3D printed aligners cured in a nitrogen chamber [6].

In addition to curing conditions, the orientation of printing layers has also been indicated as a possibly
influential factor for the surface characteristics of additively manufactured aligners [2,3]. Yet no study
has systematically addressed this issue. Generally speaking, no assessment of the surface gloss has,
so far, been provided in the literature for direct-printed aligners.

Therefore, the present study is directed toward assessing the effect of build orientation on surface
roughness and gloss of resins for printing orthodontic devices such as aligners and occlusal splints.
The null hypothesis that no change in these properties occurs when the material is layered at different

angulations relative to the print platform was placed under test.

Materials and Methods

Square specimens of 14 x 14 mm and 4 mm in thickness were designed using the Tinkercad software
(Autodesk, San Rafael, CA, USA; www.tinkercad.com accessed on 19 May 2024) (Figure 1) to be
printed either with Dental LT Clear V2 resin (LT) or with Tera Harz TC-85 DAC (TC).
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Figure 1. Design of specimens with the Tinkercad software. (a) Specimens to be printed with Dental
LT Clear V2 resin, with angulations of O°, 40¢, and 90- to the building platform. (b) Specimens to be

printed with Tera Harz TC-85 DAC resin, with angulations of Oe, 60¢, and 90¢ to the building platform.

Table 1 reports the chemical composition of the tested resins [8,9].

Table 1. Chemical composition of the tested materials.

Name Manufacturer Chemical Composition

GR30860 and GR3060 oligomers,
Graphy, Seoul,
Tera Harz TC-85 DAC bis(2,4,6-trimethylbenzoyl)-phenylphosphine oxide
Republic of Korea
(Irgacure 819, BASF SE, Ludwigshafen, Germany)

Bisphenol A dimethacrylate (50-70 wt%, 2
Formlabs,
Dental LT Clear hydroxyethyl methacrylate, 7-10 wt%, urethane
Somerville, MA, USA
dimethacrylate 25-45 wt%) [9]

The specimens were designed with three different orientations relative to the printing platform: Qe
(horizontal, H), 90¢ (vertical, V), and with the orientation recommended by the resin’s manufacturer
(M), i.e., 40¢ for LT [10] and 60- for TC [11]. The experimental groups were, therefore, defined as
follows: (TC-H) TC specimens printed horizontally; (TC-V) TC specimens printed vertically; (TC-M) TC
specimens printed at the angulation recommended by the manufacturer; (LT-H) LT specimens printed

horizontally; (LT-V) LT specimens printed vertically; (LT-M) LT specimens printed at the angulation
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recommended by the manufacturer. The projects were then exported in the .stl file format. Based on
sample size calculations performed in previous studies with similar objectives [12,13], 10 specimens

per experimental group were printed.

LT Specimens Printing and Post-Processing

For the manufacturing of LT specimens, the .stl file was imported into the PreForm software
(Formlabs, Somerville, MA, USA; https://formlabs.com/it/software/preform/ accessed on 19 May
2024) for automatic support calculations and slicing. The printing layer thickness was set to 100 um.
Specimens were 3D printed with the Formlabs 3B 3D printer (Formlabs, Somerville, MA, USA). After
printing, specimens were removed from the platform and, while still retaining raft and supports, they
were subjected to washing to remove the uncured resin. Such a procedure was performed for 15 min
by means of the FormWash automated washing machine (Formlabs, Somerville, MA, USA), using 99%
isopropyl alcohol (IPA). After washing, the specimens were immersed for 5 min in fresh 99% IPA. Then,
post-curing was performed for 20 min at 60°, using the proprietary device FormCure (Formlabs,

Somerville, MA, USA). Subsequently, the supports were removed.

TC Specimens Printing and Post-Processing

To design the supports for the TC specimens, the .stl file was imported into the Uniz software, version
2.6.1.11 (Uniz, San Diego, CA, USA). Printing was performed with the Sonic XL 4K 2022 printer
(Phrozen, Hsinchu, Taiwan) in layers of 100 um in thickness. Thereafter, specimens were separated
from the building plate and placed twice for 5 min in a centrifuge spinning at 1000x g revolutions per
minute. Specimens were then dried with compressed air and the supports were removed. Post-
polymerization was performed for

14 min in the absence of oxygen within a curing unit equipped with a nitrogen generator (Graphy
Cure THC 2, Graphy Inc., Seoul, Republic of Korea). Following post-curing, the supports were removed,
and specimens were washed in an ultrasonic cleaning machine filled with distilled water at 80° for 2
min. Subsequently, specimens were placed in boiling water at 100° for 1 min and, finally, dried with a

drying machine for 5 min [14].

Surface Roughness Assessment
A profilometer (Mitutoyo SJ-201P, Mitutoyo, Kanagawa, Japan) set with a cutoff value of 0.8 mm, a

stylus speed of 0.5 mm/s, and a tracking length of 5.0 mm was used to assess surface roughness (Ra).
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The measurement set up was standardized by means of a custom mold for both the handpiece of the

instrument and the specimen [15]. Mean Ra (um) was recorded.

Surface Gloss Assessment

Gloss was recorded using a small-area glossmeter (JNDXA6-SA; VTSYIQI Lab Measuring Instruments,
Hafei, China) with a 2 mm x 2 mm square measuring area at a 60° angle [16]. A proprietary grey mold
was utilized to eliminate the influence of room light and maintain the exact position of the specimen
relative to the glossmeter reading area.

All surface roughness and gloss recordings were taken by the same operator who was experienced

with the measuring devices and techniques (AV).

Statistical Analysis

Having checked that the collected data met the requirements of normality of data distribution
(Shapiro—Wilk test) and homogeneity of group variances (Levene’s test), two separate two-way
analyses of variance (ANOVAs) were applied to the surface roughness and gloss datasets. In each
analysis, the optical property was considered as the dependent variable, while type of material and
print direction were the factors. The Tukey’s test was used for post-hoc comparisons as needed. In all
the tests, the level of significance was set to p < 0.05. The statistical calculations were handled by the

PASW Statistics 18 software (SPSS Inc., Chicago, IL, USA).

Results

Surface Roughness

Table 2 reports the descriptive statistics of the roughness measurements. The two-way ANOVAs
revealed that the material type did not significantly influence roughness (p = 0.08). Conversely, print
direction was an influential factor (p < 0.001), and the post-hoc test disclosed that the print
orientation recommended by the respective manufacturer yielded the roughest specimens (p < 0.05).
Printing in the vertical direction resulted in higher roughness than in the horizontal direction, and also
this difference was found to be statistically significant (p < 0.05). The material—print-direction

interaction was not statistically significant (p = 0.12).
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Table 2. Descriptive statistics of surface roughness measurements (Ra, um). Different superscript
letters highlight statistically significant differences in roughness among print directions regardless of

the material type, according to the post-hoc test (p < 0.05).

Material Printing Orientation N Mean t Standard Deviation
Horizontal 10 1.36+0.14
Manufacturer’s instructions 10 4.86+0.21
LT Clear V2
Vertical 10 1.73+£0.10
Total 30 2.65+1.60
Horizontal 10 1.39+0.13
Manufacturer’s instructions 10 4.79+0.26
TC-85 DAC
Vertical 10 1.49+0.32
Total 30 2.55+1.62
Horizontal @ 20 1.38+0.13
Print direction Manufacturer’s instructions © 20 4.82+0.23
Vertical ® 20 1.61+£0.26

Surface Gloss

Table 3 reports the descriptive statistics of the gloss measurements. The two-way ANOVAs revealed
that material type was a significant factor for surface gloss per se (p < 0.001), and, regardless of the
print direction, TC exhibited significantly higher gloss than LT (p < 0.05). Also, print direction was found
to be a significant factor per se (p < 0.001). According to the post-hoc test, regardless of the material,
vertical printing resulted in significantly higher specimens’ gloss than printing in the other two

directions (p < 0.05). The between-factor interaction was not statistically significant (p = 0.06).
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Table 3. Descriptive statistics of surface gloss measurements (GU). Different superscript capital letters
mark the significant difference between the materials regardless of the print direction. Different
superscript lowercase letters label statistically significant differences in gloss among print directions

regardless of the material type, according to the post-hoc test (p < 0.05).

Material Printing Orientation N Mean t Standard Deviation

Horizontal 10 1.95+0.15
Manufacturer’s instructions 10 2.05+0.15

LT Clear V2 8
Vertical 10 550+1.22
Total 30 3.16+1.81
Horizontal 10 4.05+0.43
Manufacturer’s instructions 10 2.80+0.48

TC-85 DACA
Vertical 10 7.00+1.63
Total 30 461+2.04
Horizontal ® 20 3.00+1.12
Print direction Manufacturer’s instructions ° 20 242 £0.51
Vertical @ 20 6.25+1.61

Discussion

The performed roughness and gloss measurements were meant to investigate surface characteristics
of 3D printed resins for aligners and occlusal splints that affect their esthetic properties and biofilm
resistance.

Roughness can be quantified by different linear (Ra, Rg, Rz) or three-dimensional (Sa, Sq, Sz) variables.
The Ra parameter determined in the present study is the arithmetic average of the absolute values
of the profile heights over the evaluation length [17]. Ra was selected because it provides an
assessment of the average surface roughness [18].

Gloss quantifies the specular reflection from a surface [19].

It is computed by relating the amount of light reaching a surface at a 60° angle to the amount of light
bouncing from the surface at an equal and opposite angle. Gloss is influenced by the optical

characteristics of the material, particularly the refractive index, as well as by the surface morphology
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of the object. A coarser surface appears less glossy and, by reflecting a relatively greater amount of
light back to the observer’s eye, it makes the orthodontic device visible in the mouth [2].

The data collected in the present investigation led to rejection of the formulated null hypothesis.
Concerning the surface roughness, print direction was found to be a significant factor regardless of
the material. The smoothest surface was obtained when the resin was layered horizontally. This
finding had been predicted in previous literature [2,3,20], and was attributed to the increased number
of layers in vertical prints which create multiple surface steps.

Print angulation was not found to significantly influence the accuracy of the aligners printed with LT
[21], as well as the mechanical properties of the aligners printed with TC [22]. Controversial
information is present in the literature regarding the amount of time and material needed for vertical
versus horizontal prints of aligners, although these issues have not been systematically addressed yet.
The manufacturers of the tested resins recommend printing the appliances obliquely, at an angle of
400 (LT) or 60° (TC) to the build platform. According to the manufacturer of TC, when printing at a 60°
angle, resin tends to overflow in the incisors. Resin excess in this area is more easily removed with
centrifugation than the diffuse build ups that develop in horizontally printed manufacts.
Interestingly, both materials exhibited the greatest roughness when printed obliquely. This finding can
be ascribed to the printing geometry. In a horizontally printed object, the tracking length of the
profilometer remains within the same printed layer (Figure 2a), while, in a vertically printed specimen,
the stylus moves along a series of layers (Figure 2b) whose number depends on the printing
resolution. Still, in a vertical print, the layers are levelled (Figure 2b). Conversely, in oblique printing,
layers are not at the same level, yielding a staired surface that the profilometer detector steps through
(Figure 2c,d).

The printing material did not emerge as an influential factor for roughness per se. The two tested
resins differed not only in chemical composition, but also in the post-printing protocol. For TC, the
procedure involved centrifugation, rather than immersion, in an organic solvent and curing in a
nitrogen chamber that replaced oxygen. It has been stated that a deeper curing of the polymer, as
obtained in nitrogen-saturated conditions, results in lower surface roughness of the printed manufact
[23]. However, in the present study, no significant difference in Ra emerged between TC specimens
post-cured in a nitrogen generator and LT specimens post-polymerized in an oxygen atmosphere. As
for LT, it should be reiterated that, although it has been tested in previous research as an aligner
material, it is actually marketed for printing occlusal splints. The manufacturer also recommends

polishing the outer surface of the splint ‘with traditional polishing tools and materials commonly used
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for dental acrylics’ [10]. This treatment was omitted in the present study protocol as it is not indicated

for aligners.

Printing bed Printing bed

Resin Tank Roughness testing diraction Resin Tank Roughness testing direction

Printing bed )
‘ Printing bed

|f_‘

AN

Roughness testing direction

Roughness testing diraction

Resin Tank

(] d

Figure 2. Diagrams illustrating the different tracks followed by the profilometer stylus when
measuring surface roughness on specimens printed with different angulations to the printing bed: (a)
0°, horizontal; (b) 90°, vertical, (c) 40°, oblique according to Dental LT Clear V2 resin’s manufacturer,

and (d) 60°, oblique according to TC-85 DAC resin’s manufacturer (Graphy, Seoul, Republic of Korea).

A direct comparison of the roughness measurements reported in the present study with data
available in the literature is not feasible, as the two previous studies where TC has been tested
recorded different surface parameters than Ra [6,7]. Regarding LT, no prior assessment of roughness
has been provided.

In any case, the Ra values measured for 3D printed resins in the present study were significantly lower
than those reported for thermoformed PET-G by Staderini et al. [17]. This finding is consistent with
the results of the investigation by Eslami et al. [6], who compared TC aligners cured in a nitrogen
chamber with Invisalign retainers.

Gloss resulted to be significantly influenced by both material type and print direction.

With either resin, vertical printing yielded the highest gloss, and the difference was statistically
significant. A possible explanation for this finding is that the vertical print orientation minimized the

gravity-driven collection of resin, which may render the aligner surface foggy.
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When considering the resin irrespective of the build orientation, specimens printed with TC were
significantly glossier. Centrifugal cleaning may have positively contributed to the glossier aspect of TC
specimens. Mechanical cleaning by centrifugation has been reported to be more effective at
removing uncured resin than chemical cleaning by immersion in IPA [24], with an additional benefit
to esthetics. In contrast, the presence of residual uncured monomer would cause the resin to appear
foggy [2,20].

The superiority of TC in gloss terms may also be ascribed to the advanced curing of the resin obtained
in the nitrogen-containing chamber [14,23]. Vichi et al. assessed gloss and roughness of a 3D printed
resin for permanent prosthetic restorations and reported that the specimens post-cured in a nitrogen
chamber were significantly glossier than those finished and polished with different systems [13].
Another study indicated that post-curing in a nitrogen-saturated atmosphere significantly increased
the resistance to discoloration to wine and curry of a resin marketed by Graphy for the 3D printing of
permanent prosthodontic crowns [25].

A direct comparison of the collected gloss measurements with existing evidence is not feasible, as
this relevant optical characteristic has been overlooked by previous research that has focused on
other properties, such as transparency, translucency, and color stability [26,27].

As a possible limitation of the study, it can be mentioned that unused specimens were tested. It may,
indeed, be meaningful to assess surface roughness and gloss of specimens that have been aged in
the laboratory to simulate the effects of clinical service. Also, aligners retrieved after use could be
subjected to surface roughness and gloss measurements; that, however, would require different
equipment from that used in the present investigation, as readings should be performed on curved
surfaces.

With regard to the stability of the optical properties, some concern has been raised that 3D printed
resins may be relatively more prone to discoloration with time due to their greater susceptibility to
absorbing water and pigmented solutions [28]. Nevertheless, although this issue is understandably
relevant for 3D printed restorative materials, it can be downsized for aligners that are meant to be
replaced after 7-10 days of clinical service, according to the current clinical protocols.

Based on this same observation, the concern regarding the increase in surface roughness and porosity
reported by Eslami et al. [6] for aligners 3D printed with TC after 1 week of use can also be

reconsidered.
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Conclusions

Although LT is marketed as a material for occlusal splints, it has been utilized to 3D print aligners. The
type of resin was not an influential factor for surface roughness per se. The finding of a higher
roughness for vertically printed specimens in comparison with horizontally printed ones is in line with
previous research and can be explained by the presence of a greater number of layers in vertical
specimens. Horizontal printing produced the smoothest specimens. However, this print direction
requires a larger surface on the building platform and may favor the development of resin build-ups
in some areas of the aligner due to gravity. The Ra values measured for 3D printed resins in the
present study were remarkably lower than those reported in the literature for thermoformed PET-G.
The superior gloss exhibited by TC regardless of the print angulation could be related to the effective
cleaning of the uncured resin by centrifugation, as well as to a high degree of conversion of the
monomers achieved by curing in a nitrogen atmosphere. No previous data are available for gloss for
comparative purposes, as the present study is the first one to assess this property for aligner

materials.
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4.3 Dental Arch Expansion with In-House Clear Aligners: An Exploratory Prospective
Clinical Study on Torque, Vertical Control, and Attachment Configuration.

Abstract

To evaluate short-term expansion efficacy, torque expression, and vertical control with in-house
aligners (IHA), and secondarily to compare attachment design/position using a contralateral within-
subject approach. In a prospective exploratory trial (n = 21; 12-30 y), six aligners were used over 6
weeks. Inclusion criteria: Class | dentoskeletal pattern and mild crowding. Digital models were planned
in ArchForm; aligners were fabricated using 0.75 mm PETG sheets. Different attachments were
bonded to canines and first molars. Programmed (AF), baseline (T0), and final (T1) models were
oriented and registered in 3D Slicer; movements were referenced to global XYZ axes with Q3DC
(torque = roll; rotation = yaw; buccolingual = AX; vertical = AZ). Paired t-tests compared planned vs.
achieved movements and right vs. left attachment configurations. Equivalence (TOST, a = 0.05) was
tested on planned-achieved differences using movement-scaled margins anchored to measurement
error. ICC and Dahlberg’s error assessed reliability. Reliability was excellent (ICC 0.998—1.000); error
small (0.19 mm; 0.8°). Expansion effectiveness was highest in premolars (first/second: 59%/46%),
moderate in canines (42% overall; maxillary 51%, mandibular 33%), and lowest in first molars (31%;
maxillary 29%, mandibular 33%). Vertical control was maintained (several rows met TOST
equivalence). Canine torque showed small, systematic buccal crown torque and did not meet
equivalence under pre-specified margins. First-molar torque changes were <1° with no significant
differences between beveled and horizontal-rectangular attachments. A slice attachment with an
incisal base improved canine torque control versus a gingival base (p<0.001). Short-term IHA
expansion was more effective in premolars than in canines or molars and maintained vertical control.
Under movement-scaled margins, canine torque did not reach equivalence, underscoring the
relevance of attachment positioning; an incisal-base slice improved torque control. Effect-size and
variance estimate from this exploratory design can guide future adequately powered multicenter

trials.

Introduction

The ability of the thermoplastic aligners to exert force on interproximal and axial surfaces during
orthodontic treatment plays a fundamental role in biomechanical control of dental movements with

clear aligners.1,2 Thus, in the initial stages of treatment, orthodontic expansion can be a valuable
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clinical strategy, particularly in cases where arch width deficiencies are present.3—-5 However, aligner-
induced expansion influences not only the transverse tooth positioning but also displacements across
all three spatial planes.4—6 This complexity necessitates meticulous planning to predict and manage
potential unwanted effects, such as excessive buccal torque and loss of vertical control.

Recent systematic reviews synthesize the evidence on aligner-mediated transverse changes. De
Castro Aragodn et al.7 reported dentoalveolar expansion in adults and children but decreasing
predictability toward posterior segments and unclear skeletal effects. D’Anto et al.8 likewise found
that transverse changes are only partially predictable (e.g., *64—70% accuracy in the lower arch) with
lower predictability for molar inclinations. Levrini et al.,9 in mixed dentition, observed significant
maxillary dentoalveolar expansion with limitations in bodily movement and substantial
heterogeneity. Collectively, these data support low-to-moderate certainty and ongoing concerns
about the predictability of transverse outcomes. Recognizing these limitations underscores the need
to control biomechanics during expansion, particularly via attachment design and placement.
Multiple factors may affect the torque control and predictability of tooth movements during clear
aligner expansion, including the material composition of the aligners, the rate of movement, and the
type and positioning of attachments.10-15 During arch expansion with clear aligners, attachments
improve control by increasing aligner- tooth coupling and guiding force application.12,15 Their shape
and position can significantly influence the effectiveness of expansion, as different designs, such as
slice, rectangular, or beveled attachments, can improve torque control and minimize unwanted
tipping.15 Strategically positioned attachments can help guide buccal displacement, thereby
contributing to a more controlled expansion process and reducing unwanted rotations, as reported
in the literature.4

While commercial aligner systems, such as Invisalign, benefit from continuous investment in material
optimization and advanced algorithms, improved by clinical performance feedback throughout
refinement stages, in-house aligner (IHA) systems rely heavily on clinician experience and lack
standardization in biomechanical optimization, making prospective validation critical.16 Although IHA
can offer cost and customization advantages, these benefits may be negated if biomechanical
efficiency is suboptimal, reinforcing the need for controlled clinical data.17 Therefore, prospective
controlled clinical trials are essential to generate data that enhance the predictability of dental
movements and improve the effectiveness of IHA, ensuring their reliable application in orthodontic

practice.
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Despite the widespread evaluation of commercial aligner systems, the biomechanical outcomes of
IHA expansion remain largely unexplored, with existing data limited to retrospective reports and
laboratory simulations. To our knowledge, no prospective controlled clinical trial has evaluated short-
term expansion efficacy, torque expression, and vertical control in IHA systems. Given the clinical
reliance on IHA in many regions, rigorous evaluation of their predictability is essential. Therefore, the
present exploratory prospective clinical study aimed to assess arch expansion outcomes in canines,
premolars, and first molars, and to investigate the influence of different attachment designs on
torque and vertical displacement. This study provides preliminary effect size estimates to guide future
adequately powered multicenter trials. The primary objective was to assess short-term expansion
efficacy, torque expression, and vertical control with IHA, and the secondary objective was to
compare the effect of attachment design/position using an exploratory contralateral within-subject

comparison.

Material and Methods

Sample

The clinical data were collected between February and October 2024 and followed the CONSORT
guidelines.18 This study was approved by the institutional review board of the Pontifical Catholic
University of Minas Gerais (#71125723.5.0000.5137) and was also registered in the national clinical
trial platform (ReBEC #U1111-1308-6317). This was an exploratory, proof-of-concept contralateral
within-subject designed to obtain preliminary effect-size and variance estimates.

A priori sample size calculation was performed using the G*Power software, considering an alpha of
5%, a power of 80%, and a two-tailed calculation for dependent means (paired design), with a
clinically acceptable tolerance of 1mm for the pre-specified primary outcome (intercanine-distance
change). The assumed SD was 1.1mm based on previously published data on changes in intercanine
distance after arch expansion with aligners.12 This corresponds to an effect size of 0.9 and a required
sample of 20 patients; one additional participant was enrolled to mitigate potential attrition along
the six weeks of treatment.

After examining 40 candidates for orthodontic treatment at the Pontifical Catholic University of Minas
Gerais Graduate Program Clinic, 21 patients who met the following inclusion criteria were selected:
Class | dentoskeletal and facial patterns, confirmed by clinical and cephalometric exams; need for
orthodontic treatment with small negative space discrepancies (< 4 mm); full permanent dentition,

including second permanent molars; and potential for compliance with clear aligner therapy,
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assessed qualitatively during the initial consultation by the treating orthodontist based on general
treatment adherence history, patient motivation, and understanding of aligner use. The exclusion
criteria were: presence of severe malocclusion; age over 30 years; erupted third molars; teeth
presenting morphological anomalies; report of systemic diseases or regular use of medications that
could interfere with orthodontic tooth movement.

Nineteen individuals were excluded due to the following criteria: age outside the target range (n =9),
insufficient potential for treatment compliance (n = 6), and negative space discrepancies greater than
4 mm (n=4).

The research sample consisted of 13 females (61.9%) and eight males (38.1%). Regarding age
distribution, eight participants (38.1%) were between 12 and 17 years old, five (23.8%) were between
18 and 24 years old, and another eight participants (38.1%) were in the 25 to 30-year-old age group.
This was an exploratory contralateral within-subject comparison; contralateral allocation of
attachment configurations (right vs. left) was pre-specified to reduce inter- individual variability and

to isolate the effect of attachment shape/position on torque control during expansion.

Data collection and analysis

After the acquisition of initial records (intraoral and extraoral photographs, lateral cephalogram, and
panoramic radiograph), digital STL models were obtained using the 3Shape Trios 3 intraoral scanner
(3Shape, Copenhagen, Denmark). The treatment planning for IHA was carried out using the ArchForm
software (San Mateo, California, USA). Models were printed with a resin printer (Elegoo Saturn 4K,
Elegoo, Shenzhen, China) using 3D Cure Basic resin (3D Cure, Betim, Minas Gerais, Brazil).
Orthodontic aligners were fabricated using PETG plastic laminates (Bio-Art Equipamentos
Odontolégicos, Sdo Carlos, Sdo Paulo, Brazil) with a thickness of 0.75 mm and thermoplastification
was done using PlastVac P7 vacuum-forming machine (Bio-Art Equipamentos Odontoldgicos, Sdo
Carlos, Sdo Paulo, Brazil). Aligners were manually trimmed using curved scissors (Beck instruments,
Schaumburg, lllinois, United States), in a straight line 1 mm above the gingival margins.

All patients were treated by a single team of orthodontists and followed the same protocol regarding
the constraints of orthodontic movements, number of aligners (six pair of aligners), daily wear time
(22 hours), and replacement intervals (weekly). The three-dimensional position of all teeth was
analyzed at three time points: AF (digital planning with ArchForm), TO (baseline), and T1 (final, after
6 weeks). To achieve arch expansion, attachments (set to scale 1 in the ArchForm platform) were

planned to be bonded in the buccal surface of canines and first molars according to a pre-specified
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right—left allocation scheme (Fig. 1): maxillary right first molar: horizontal rectangular 3 mm;
maxillary right canine: slice with incisal base; maxillary left canine: slice with gingival base; maxillary
left first molar: beveled; mandibular left first molar: horizontal rectangular 3 mm; mandibular left
canine: slice with incisal base; mandibular right canine: slice with gingival base; mandibular right first

molar: beveled.

Figure 1. Attachment Designs with varying shapes and positions. Contralateral allocation of

attachment configurations (right vs. left) was pre-specified to isolate attachment effects within

patients.

After exporting the STL files to the 3D Slicer software (version CMF 3.0), model orientation was
performed for AF, TO, and T1 using the Transforms module, followed by model superimposition using
the Surface Registration tool. In the maxilla palatal rugae were used as reference structures,*>?% while
in the mandibular arch the border WALA served as reference?! ensuring a consistent global

coordinate system in which X = buccolingual, Y = mesiodistal, and Z = vertical (Fig. 2).
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Figure 2. A) Registration surfaces and superimposition of maxillary models; B) Registration surfaces
and superimposition of mandibular models; C) Landmarks for the evaluation of buccolingual

displacement and the secondary effects of torque and vertical displacement.
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Qualitative assessment of the changes was carried out using overlays (AF model, white; TO, yellow;
and T1 model, green), and color mapping (Fig. 3). Finally, the Q3DC module was used for the
quantitative analysis of point-to-point three-dimensional dental movements. All angular and linear
measurements were performed relative to the global XYZ axes of 3D Slicer after model orientation,
with buccal and up defined as positive directions for AX and AZ, respectively. Landmarks were marked
on canines and first molars: the gingival zenith, the cusp tip of canines, and the mesiobuccal cusp of
first molars, initially on the TO model using “Create New Markups” in “Connected Landmarks,” and

the same procedure was then repeated for the AF and T1.

TO - Initial

. T1 - Final

AF - Programmed

Figure 3. Comparison of TO — Initial; T1 — Final; and AF- Programmed, after dental expansion

movement with IHA. Color mapping. A) Programmed; B) Achieved.
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After all landmarks had been placed, tooth movements were calculated as follows: the “Calculate
angle between two lines” option was used for angular variables—torque (roll) and rotation (yaw)—
and the “Calculate distance between two landmarks” option was used for linear variables—
buccolingual and vertical displacements (recording the axis-specific components: AX for buccolingual
and AZ for vertical, rather than the 3D Euclidean distance). For each comparison, “Line 1 Landmark
A” and “Line 1 Landmark B” were set to the TO model and “Line 2 Landmark A” and “Line 2 Landmark
B” to the AF model (planned) or T1 model (final). In Q3DC, roll was used to represent torque (the
angular change of the line defined by the gingival zenith and cusp tip or mesiobuccal cusp relative to
the global horizontal axis), and yaw to represent rotation (angular change around the global vertical
axis). All distances were expressed in millimeters (mm) and angles in degrees (°), rounded to two
decimals. This workflow provides a reproducible method to derive angular and linear measurements
directly from the 3D coordinates of the marked points.

Scanning of the patients’ dental arches was performed by the same operator (BQS). Digital model
processing in ArchForm, followed by orientation and superimposition, was carried out by a trained
operator (RMM), with all models subsequently cross-checked by the senior researcher (BQS).
Landmark identification, and measurements were conducted by the same operator (GMA) who was
trained by the senior researcher, experienced in this methodology, before the beginning of the trial.
The evaluation of reliability of the measurements were assessed using 10 randomly selected models.
These models were re-evaluated after a 15-day interval for comparison. The intraclass correlation

coefficient (ICC) was used to assess agreement between measurements.

Statistical methods

Data were analyzed in SPSS version 22 (IBM Corp., Armonk, NY, USA). Descriptive statistics (mean,
standard deviation) are reported in the tables. The significance level was a = 0.05 (two-tailed). Data
were screened for outliers and entry consistency. Normality of continuous variables was assessed
with the Kolmogorov—Smirnov test, and homoscedasticity with Levene’s test when applicable.

For transverse outcomes, makxillary and mandibular arches were analyzed as separate arch-level units
(vielding 42 arch-level observations). For each tooth/arch site, one paired difference per patient was
analyzed, so observations were independent across patients for that site.

Within-patient comparisons used paired t-tests: (i) planned vs. achieved movements for the same
tooth and patient, and (ii) right vs. left sides within the same arch/patient when comparing

attachment designs/positions.
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The intraclass correlation coefficient (ICC) was calculated from repeated measurements to assess
intra-examiner reliability. Systematic error was evaluated with paired t-tests, and random error with
Dahlberg’s formula.22

Because planned movements were often small, equivalence margins were defined a priori and
anchored to measurement error rather than a fixed 1 mm/1° tolerance. To avoid overly permissive
thresholds, a relative margin of £20% of the planned value was also applied; for each outcome, the
operative margin was the minimum of the absolute and relative thresholds. Planned—achieved

differences were tested for equivalence using a TOST procedure with 90% confidence intervals.23

Results

Agreement between repeated measurements was excellent (ICC 0.998-1.000) with no systematic
bias between readings (paired t test, p > 0.05). Measurement error was small (Dahlberg: 0.19 mm
for linear measures; 0.8° for torque). For TOST, we prespecified row-specific equivalence margins: the
smaller of the cap (0.30 mm for linear; 1.0° for angular) and 20% of the planned movement, but
never less than the measurement error. The margin used for each row is shown in Table I.

During the short expansion phase (six aligners), no breakages, losses, or tracking issues occurred. The
following results were obtained regarding the biomechanical outcomes of orthodontic expansion of
canines, premolars, and first molars using IHA, as well as the secondary effects of torque and vertical

displacement in canines and first molars associated with different attachment shapes and positions.

Arch expansion with in-house aligners resulted in excessive buccal crown torque of the canines.
Although torque was not intentionally planned in the ArchForm software, it was measured when
comparing the TO and AF models, as well as the TO and T1 models (Table 1). For canines, the TOST
analyses did not demonstrate equivalence of torque (the 90% Cls of the paired difference, Planned -
Achieved, extended beyond +m), consistent with small but systematic buccal crown torque during
expansion. Paired t-tests were significant for all canines except the mandibular left canine (p = 0.226

(Table 1).

87



Table I. Programmed vs.

achieved tooth movements of canines and first molars after IHA-based arch

expansion.
Tooth Attachment Programmed Achieved Diff Programmed vs Achieved Paired P value
n Mean SD Mean SD

Maxillary right canine Slice (incisal base) 21 0.20° 1.18° 1.01° 1.60° 0.81° .023
Maxillary left canine Slice (gingival base) 21 0.13° 0.62° 1.26° 1.06° 1.13° <.001

[ Mandibular right canine Slice (gingival base) 21 0.30° 1.39° 1.31° 1.84° 1.01° .009

g.‘ Mandibular left canine Slice (incisal base) 21 0.60° 1.15° 1.02° 1.32° 0.42° 226

8 Maxillary right first molar Horizontal rectangular 21 0.47° 0.82° -0.36° 1.41° 0.83° .049

= Maxillary left first molar Beveled 21 1.20° 1.38° -0.82° 2.83° 2.02° 001

Mandibular right first molar Beveled 21 0.22° 0.83° 0.22° L.31° 0.00° 999

Mandibular left first molar Horizontal gul 21 0.33° 0.93° -0.53° 1.33° 0.86° 013
Maxillary right canine Slice (incisal base) 21 0.87 mm 0.38 mm 0.40 mm 0.20 mm 0.47 mm <.001
= Maxillary left canine Slice (gingival base) 21 0.98 mm 0.31 mm 0.55 mm 0.29 mm 0.43 mm <.001
a Mandibular right canine Slice (gingival base) 21 0.78 mm 0.28 mm 0.24 mm 0.27 mm 0.54 mm <.001
é Mandibular left canine Slice (incisal base) 21 1.00 mm 0.27 mm 0.36 mm 0.32 mm 0.64 mm <.001

8 Maxillary right first molar Horizontal rectangular 21 0.55 mm 0.22 mm 0.19 mm 0.17 mm 0.36 mm 001
3 Maxillary left first molar Beveled 21 0.83 mm 0.34 mm 0.20 mm 0.19 mm 0.63 mm <.001
M Mandibular right first molar Beveled 21 0.62 mm 0.15 mm 0.20 mm 0.17 mm 0.42 mm <.001
Mandibular left first molar Horizontal rectangular 21 0.71 mm 0.23 mm 0.25 mm 0.11 mm 0.46 mm <.001

Maxillary right canine Slice (incisal base) 21 0.06° 0.24° -0.04° 0.27° 0.10° 452

Maxillary left canine Slice (gingival base) 21 0.10° 0.31° -0.02° 0.24° 0.12° 311

= Mandibular right canine Slice (gingival base) 21 0.01° 0.15° 0.01° 0.15° 0.00° 943

% Mandibular left canine Slice (incisal base) 21 0.05° 0.11° 0.01° 0.19° 0.04° 329

(5] Maxillary right first molar Horizontal rectangular 21 0.03° 0.21° -0.05* 0.15° 0.08° 237

> Maxillary left first molar Beveled 21 -0.02° 0.28° 0.10° 0.26° 0.12° e131

Mandibular right first molar Beveled 21 -0.04° 0.25° 0.05° 0.23° 0.09° 332

Mandibular left first molar Horizontal rectangular 21 0.03° 0.29° 0.01° 0.16° 0.02° 763

The positioning of the slice attachment plays a pivotal role in determining the control of torque

of canines following arch expansion using IHA

After completing arch expansion with IHA, analysis of canine torque using the slice attachment in

different positions revealed that an incisally oriented attachment base provided significantly better

torque control compared to a gingivally oriented base in both maxillary and mandibular canines (p <

0.001) (Table I1).

Table II. Torque control and buccolingual displacement of canines and first molars after arch

expansion with IHA using different attachment designs.

Slice (gingival base)

Slice (incisal base)

n Mean SD n Mean SD Mean Diff P value
© Maxillary canine 21 1.26° 1.06° 21 1.01° 1.60° 0.25° <.001
g—. Mandibular canine 21 1.31° 1.84° 21 1.02° 1.32° 0.29° <.001
8 Beveled Horizontal rectangular

= n Mean SD n Mean SDh Mean Diff P value
Maxillary molar 21 -0.82° 2.83° 21 -0.36° 1.41° 0.46° .091
Mandibular molar 21 0.22° 1.31° 21 -0.53° 1.33° 0.75° 330
Slice (gingival base) Slice (incisal base)
= n Mean SD n Mean SD Mean Diff P value
a) Maxillary canine 21 0.55mm  0.29 mm 21 040 mm  0.19 mm 0.15 mm .054
é Mandibular canine 21 0.24 mm 0.26 mm 21 0.36 mm 0.32 mm 0.12 mm 244
8 Beveled Horizontal rectangular
- n Mean SD n Mean SD Mean Diff P value
aa) Maxillary molar 21 0.20 mm 0.19 mm 21 0.19 mm 0.17 mm 0.01 mm 927
Mandibular molar 21 0.20 mm 0.17 mm 21 0.25 mm 0.11 mm 0.05 mm 413
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First molar torque was well controlled following dental expansion with IHA

First-molar torque changes were small in magnitude (typically < 1°), yet the TOST criteria were not
met for equivalence in the torque rows (Table 1). No significant differences were found between
beveled and horizontal rectangular attachments for molars (maxillary p = 0.091; mandibular p =

0.330; Table II).

Effective vertical dimension management was observed during arch expansion using in-house
aligners

As shown in Table |, the arch expansion with IHA facilitated excellent vertical control for both maxillary
and mandibular canines and first molars, irrespective of attachment shape or position (p > 0.05). The
achieved vertical movements closely aligned with the planned movements, indicating the efficacy in
maintaining vertical control during expansion. Vertical control was maintained for some teeth,

yielding TOST equivalence (Table I).

The effectiveness of IHA orthodontic expansion was greater in the premolar region compared to
canines and first molars

The first premolars exhibited the highest expansion effectiveness, achieving nearly 60% of the
planned expansion, whereas the first molars had the lowest effectiveness, attaining less than one-
third of the planned expansion. However, the buccolingual displacement of posterior teeth following
arch expansion with in-house aligners differed significantly between the clinically achieved and
digitally planned values, irrespective of whether it was the maxillary or mandibular arch or the
attachment type (p < 0.001) (Table 1; Fig. 3). Expansion effectiveness was greatest in the first and
second premolar regions (59% and 46%, respectively), while canines showed an average
effectiveness of 42% (51% for maxillary canines and 33% for mandibular canines). Molars
demonstrated an overall effectiveness of 31% (29% for maxillary and 33% for mandibular molars)
(Table 3). Additionally, variations in attachment shape and position did not significantly influence the
buccal-lingual displacement of canines and first molars following in-house aligner expansion (p >

0.05) (Table 2).

89



Table Ill. Comparison of programmed and achieved buccolingual displacement of canines,

premolars, and first molars following arch expansion with IHA.

Tooth Programmed Achieved Diff Programmed vs Achieved Paired P value Efficacy
n Mean SD Mean SD

= Canine 84 091 mm 0.31 mm 0.39 mm 0.27 mm 0.52 mm <.001 42%
&

o  First premolar 84  1.02mm  0.18mm 0.60mm 023 mm 0.42 mm <.001 59%
©

8  Second premolar 84  0.94mm 0.30 mm 0.43 mm 0.21 mm 0.51 mm <.001 46%
&

First permanent molar 84 0.68 mm 0.23 mm 0.21 mm 0.16 mm 0.47 mm <.001 31%

Discussion

This study provides a comprehensive clinical assessment of the biomechanical effects of arch
expansion using IHA, specifically aimed at creating interproximal spaces to enhance anchorage for
subsequent orthodontic treatment. The analysis focused on expansion outcomes in canines,
premolars, and first molars, while also assessing secondary effects such as torque expression and
vertical displacement associated with different attachment shapes and positions. To the best of our
knowledge, this is the first prospective clinical trial to simultaneously investigate these variables
within the context of IHA. Importantly, no instances of aligner breakage, loss, or tracking failure were
recorded throughout the treatment period, supporting the reliability of the protocols used.
Previous literature on aligner effectiveness, including expansion movements, has been largely
retrospective, with challenges in controlling confounding variables.13,14,24—-26 The evaluation of
expansion after several months of full orthodontic treatment offers a broad range of advantages but
also presents limitations in a research setting where strict control of variables is essential. Controlling
variables was the cornerstone of the present investigation. All patients underwent identical
orthodontic movements, with no variations in staging, attachment design, wear time, or the one-
week interval for aligner changes. The very short interval between TO and T1, together with a fully
standardized protocol (staging, attachment design/placement, wear time, weekly changes) provided
sound data to offer a good understanding of what is likely or unlikely to happen during arch expansion
with [HA.

Galluccio et al.27 reported a 70% effectiveness in maxillary arch transverse expansion, while Morales-
Burruezo et al.14 noted higher effectiveness in the premolar region but lower effectiveness in the
canine and second molar areas. In our study, IHA expansion effectiveness was highest in the first and

second premolar regions (59% and 46%, respectively), with canines achieving an average
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effectiveness of 42% (51% for maxillary and 33% for mandibular canines) and first molars reaching
31% (29% for maxillary and 33% for mandibular molars).

Composite resin attachments are pivotal in enhancing aligner retention and ensuring precise tooth
movement.10,28 The current findings indicate that the positioning of the slice attachment
significantly influences torque control in the region of canines. When the attachment base was
oriented incisally, both maxillary and mandibular canines exhibited superior torque control compared
to a gingivally oriented base (p < 0.001). This improved performance may be attributed to an
increased contact surface area between the aligner and the attachment in the direction of
movement, which reduces misfit and enhances tracking, a key factor in achieving predictable
outcomes. These results suggest that clinicians may benefit from using slice attachments with an
incisal base orientation. Although the impact of increasing the attachment scale was not tested in
this study (a pre-set scale of 1 was used), it can be inferred that a larger attachment—providing
greater anchorage—would likely enhance torque control further. However, it must be considered that
the high stiffness of PETG used for IHA make the engagement/disengagement of the aligners
combined with large attachments very difficult. To find a balance between the size of the attachment
and the patient’s perception of quality of the system with an easy insertion and removal of the
appliance, must be a goal for the clinicians.

Our findings for the vertical displacement were very close to the planned values, indicating high
efficacy across both maxillary and mandibular canines and first molars, irrespective of the attachment
configuration. Talens-Cogollos et al.6 reported an unintended molar intrusion of 0.94 mm in 74.2%
of patients treated with aligners, after more than 1 year of treatment. In our short-term study (only
6 aligners), no significant vertical changes were detected (p > 0.05) after arch expansion, but with
less of two months of treatment this is an indication of good vertical control, and no extrusion.
Torque control outcomes varied among teeth, ranging from low efficacy (e.g., maxillary left first molar,
mandibular right canine, maxillary left canine) to moderate and high efficacy in other regions. Post-
expansion, significant buccal torque was observed in all canines (p < 0.05) except for the mandibular
left canine (p =0.226). Importantly, first molars demonstrated clinically insignificant torque variations
(below 10), and no significant differences were found between beveled and horizontal rectangular
attachments for both maxillary (p = 0.091) and mandibular molars.

In terms of outcome measures, while several variables reached statistical significance, the clinical
relevance of some findings—for instance, torque changes of less than 1o—remains debatable. The

absence of significant differences between attachment types for certain outcomes suggests that, in
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some cases, the specific design of the attachment may not drastically alter clinical results. The
variability in torque control effectiveness among different teeth may be influenced by individual
anatomical differences, underscoring the need for further research to elucidate factors contributing
to lower efficacy in certain regions. IHA was more effective in the premolar region than in the canine
and molar regions, a finding that can inform clinical decision-making regarding treatment planning
and expected outcomes, and that has been previously described.3,5,12— 14 Additionally, the study
demonstrated excellent vertical control across all teeth, irrespective of the attachment configuration,
supporting the reliability of IHA in maintaining vertical dimensions during arch expansion. Finally, the
superior torque control achieved with an incisally oriented slice attachment highlights the
importance of attachment positioning in optimizing treatment outcomes. This observation is crucial
for clinical practice as it provides guidance for refining attachment placement to enhance movement
predictability.

Because maxillary expansion forces may produce effects across both hemi-arches, the strict statistical
independence assumed in a classical split-mouth design may not apply to this investigation. For this
reason, although each patient received different attachment configurations on contralateral sides,
the present study should be regarded as an exploratory contralateral comparison within-subject
comparison rather than a traditional split-mouth trial. This clarification aligns with the paired
statistical analyses performed and with the presentation of mean differences between sides in Table
[l. Overall, while some statistically significant findings may have limited clinical impact, the higher
effectiveness observed in the premolar region and the critical role of attachment positioning
underscore the potential of IHA as a reliable treatment modality. Further studies with larger samples

are warranted to confirm these results and explore the factors that influence treatment variability.

Conclusion

IHA promoted effective dental arch expansion, with the highest effectiveness observed in the first
and second premolars (59% and 46%, respectively). Canine expansion was less predictable and often
accompanied by excessive buccal crown torque. Incisally oriented slice attachments enhanced torque
control in canines, while first molars demonstrated stable torque behavior regardless of attachment
design. Vertical control was consistently maintained across all teeth. These findings support the
clinical viability of IHA to achieve dental arch expansion, despite the low effectiveness relative to the
digital programmed movements, and underscore the importance of attachment positioning in

optimizing biomechanical outcomes
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4.4 Comparison between Personalized and Standard Facemasks for Early Treatment
of Class Ill Malocclusion: a Crossover Randomized Controlled Trial

Abstract

To compare a personalized facemask and the standard facemask in Class Ill orthodontic patients,
using a randomized crossover design. This is a monocentric, controlled, superiority, randomized,
crossover, open study. Twenty-four orthodontic patients between 5 and 12 years of age wore one
type of mask for 2 months, followed by the other type for the subsequent 2 months in random order.
Participants were recruited from September 2024 to May 2025 and the study was completed in
September 2025. Patients were asked which one of the two facemasks they preferred. A
questionnaire including Visual Analogue Scale (VAS) for pain and difficulty in sleeping was
administered to the patients. Complications with both facemasks were registered. A Theramon
sensor was used to monitor the facemask wear time. Seventeen out of 24 patients preferred the
personalized facemask (71%, 95% confidence interval [Cl]: 49% to 87%; P = 0.063). Pain at 2 weeks
was significantly lower with the personalized facemask (difference —0.9; 95% Cl: —0.1 to —1.8; P =
0.034). No differences in pain at 2 months (difference 0.4; 95% Cl from-0.6 to 1.3; P = 0.413), difficulty
sleeping at 2 weeks (difference 0.0; 95% Cl from-0.7 to 0.7; P = 1.0) or 2 months (difference-0.2; 95%
Cl from-0.8 to 1.5; P = 0.583), and wearing time (difference 0.2; 95% Cl from-0.3 to 0.8; P = 0.394).
No differences in skin irritation at 2 weeks (P = 0.0625, McNemar exact test), at 2 months (P = 1.0)
and in complications (P = 1.0, McNemar test). The personalized facemask is preferred by of Class Il
orthodontic patients aged 5—-12 years and it is significantly less painful after 2 weeks than standard
facemask. The study was registered on ClinicalTrials.gov with registration number NCT06402656 on

06/2024 (https://https://clinicaltrials.gov/study/NCT06402656).

Introduction

Class lll malocclusion is typically defined by an anteroposterior discrepancy between the maxilla and
the mandible, resulting in either a prognathic mandible, a retrognathic maxilla, or a combination of
both [1]. Facemask (FM) therapy is a well-established approach for the early orthopedic correction
of skeletal Class Ill malocclusion, producing forward displacement of the maxilla and a clockwise
rotation of the maxillomandibular complex [2]. Ideally, treatment should begin during childhood,
before puberty, to optimize occlusal relationships, improve facial esthetics, and reduce the likelihood

of future orthognathic surgery [3]. The success of FM therapy depends heavily on patient compliance,
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which is influenced by comfort, tolerance, and appliance acceptability. Conventional FMs typically
consist of standardized frontal and mental acrylic pads, connected by a midline stainless steel rod.
Only standard sizes are commercially available, limiting adaptability to individual facial anatomy.
Patients frequently report discomfort, instability, bulkiness, and esthetic concerns, as well as feelings
of embarrassment or shame. Prolonged wear can cause frontal and chin skin irritations, and
hyperkeratosis, ulcers or sores were reported to occur in up to 43% of patients [4]. These factors
discourage daytime use. In fact, reported FM wear is generally restricted to approximately 10 hours
per day, which does not align with the prescribed usage. Even when monitoring systems are
employed, usage is predominantly confined to nighttime [5]. A sample of children rated the FM as
the least attractive orthodontic appliance [6]. To overcome these problems clinicians have tried to
customize the device on a plaster model of the patient’s face obtained by taking an alginate
impression. However, the latter procedure is not pleasant for the children [7,8]. More recently,
advances in digital design and additive manufacturing have opened new possibilities. Using these
technologies, a Petit-type FM with rests and midline bar customized to the patient’s facial anatomy
was developed and clinically tested in a child requiring early Class Ill treatment [9], and later
evaluated in a larger sample to assess acceptability and adaptability [10]. These case reports
demonstrated that patient-specific 3D-printed facemasks could be successfully fabricated, were well
accepted, and achieved the desired orthopedic effects. A randomized clinical trial has been recently
published and a novel 3D printed customized facemask has been proven to be as effective as the
standard facemask in early treatment of Class Il malocclusion [11]. To our knowledge, no RCT has
previously compared standard and personalized FMs in early Class Il treatment with respect to
patient preference, wear time, pain, and sleeping difficulty. The objective of the present study was
to compare the standard facemask with personalized facemask for early treatment of Class Il
malocclusion with a randomized crossover design. In particular, the appliance preference, wearing

time, pain, and sleeping difficulty were analyzed.

Materials and Methods

The experimental design followed the Consolidated Standards of Reporting Trials (CONSORT 2025)

statement and extension checklist for reporting within-person randomized trials [12].
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Ethic statement
This study was conducted in accordance with the ethical principles in the Declaration of Helsinki for
clinical research involving human subjects. The study was approved by the Paediatric Ethics

Committee of the Region of Tuscany, Italy on March 14", 2024. (approval number 0032309).

Trial registration
The study was registered on ClinicalTrials.gov with registration number NCT06402656 on 06/2024
(https://https://clinicaltrials.gov/study/NCT06402656).

Protocol and statistical analysis

The full trial protocol and the statistical analysis can be accessed in the supplementary material.

Data sharing
Deidentified data collected and presented in this study will be made available upon reasonable
request after publication of this Article, following approval by regulatory authorities. Data can be

requested by contacting the corresponding author.

Funding and conflicts of interest
No external funding was received for this study, and the authors declare that they have no conflicts

of interest.

Trial design

This is a monocentric, controlled, superiority, randomized, crossover, open study. Two facemasks for
Class Il malocclusion treatment (standard facemask and personalized facemask) were compared.
Each patient was treated with both a personalized facemask and a standard facemask. The first
assignment to either facemask type was random. Each patient wore one type of mask for 2 months,
followed by the other type for the subsequent 2 months. At 2 weeks and 2 months after delivery of
each facial mask, the patient completed a questionnaire assessing pain and difficulty sleeping and
were assisted by their parents when necessary. After completing both phases (at the fourth month),
the patient indicated a preference for one of the two facemask types, with which the treatment was

continued for additional 6 months.
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Changes to trial protocol

No changes to trial protocol have been performed.

Trial setting
The subjects were enrolled in the study at the Orthodontic Clinic of the Careggi University Hospital,

in Florence, Italy.

Elegibility criteria

To be included in the study, patients had to be aged between 5 and 12 years, diagnosed with Class Il
malocclusion (Wits appraisal <-3 mm) requiring early orthopedic treatment with a rapid maxillary
expander and facemask. Exclusion criteria were cleft lip and/or palate patients and the presence of

craniofacial syndromes. Patients' parents signed an informed consent before starting the trial.

Interventions and comparator

All the patients were treated with Hyrax-type RME as intraoral anchorage that was activated only in
the presence of transverse discrepancy between the arches. RME was activated at the rate of one
quarter turn per day, corresponding to 0.2 mm of expansion, until a slight overcorrection was
achieved (palatal cusps of the upper posterior teeth occluding on the buccal cusps of the lower
posterior teeth). Patients’ face scans were acquired with Face Scanner Maxi 6 (Polishape 3D, Bari,
ltaly) and Agisoft Photoscan Professional edition software (Agisoft llc, St. Petersburg, Russia). Six
Canon reflex cameras 1200D 18Mpx (Canon, Tokyo, Japan) connected with 2 external flashes (Metz
BL-400; SB 50-70) simultaneously took a photograph from different angulations. Scanning was
conducted in a well-lit room, and a disposable cap was used to hold back the hair, preventing it or its
shadow from obscuring facial skin areas. The patients were invited to sit in a resting posture, and to
keep the teeth in occlusion and the lips relaxed. The 6 photographs were then digitally processed,
and the resulting file was exported in .obj format. The digital design and manufacturing of the FMs
were performed by a laboratory technician (Firenze Ortodonzia, Florence, Italy), in accordance with
the patented protocol (European Patent N. EP 3752091, USA Patent N. US20200397536). The
forehead and chin pads as well as the central bar of the FM were modelled on the 3D image of the
patients’ face, using the 3D Leone Designer software (Leone S.p.A., Sesto Fiorentino, Firenze, Italy).
Then, the pads were printed with SprintRay EU Splint Flex Resin (SprintRay Inc, Los Angeles, CA, USA)
using the SprintRay ProS 3D printer (SprintRay Inc, Los Angeles, CA, USA), while the central bar in
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stainless steel was bent and adapted to the patient’s face 3D printed model. Finally, each piece was
polished and assembled. Petit-type FM was used in the standard FM group (Leone S.p.A., Sesto

Fiorentino, Firenze, Italy) (Fig. 1).
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Figure 1. Petit-type standard FM (A) and Personalized FM (B). Theramon sensors were places on the

right side of forehead pad.

A pressure and temperature sensor (Theramon, MC Technology, Hargelsberg, Austria) connected to
a dedicated cloud was added at the base of the frontal support to monitor the FM wear time. Each
customized FM was then delivered to the patients by the orthodontist, who secured the sliding
crossbar to the central bar with a setscrew, so that the rubber bands reached a 30° downward
inclination relative to the occlusal plane. The orthodontist also selected and delivered extraoral
elastics that produced a tensile force of about 400 grams per side (Fig. 2). Patients and their parents
or guardians were adequately instructed by the orthodontist on how and for how long (about 14

hours per day) to wear the FM.
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Figure 2. Petit-type standard FM (A) and Personalized FM (B). Elastic forces (400 g per side) were

placed at 30° downward from the occlusal plane.

Outcomes

The primary outcome variable of the study was the patient's preference for one of the two facemasks

at the end of the second phase of treatment (4 months after delivery of the first facemask). The

secondary outcome variables were pain, difficulty sleeping, wearing time, and complications during

treatment. For the assessment of pain and difficulty in sleeping a questionnaire including a Visual

Analog Scales (VAS) was provided to the patients at 2 weeks and 2 months after delivery of each facial

mask. The VAS features scores from 0 to 10 (Fig. 3).

Numeric Rating Scale
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Figure 3. VAS score with numeric rating scale associated to Wong Baker FACES Pain Rating Scale. [13]
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In the pain scale 0 corresponded to no pain while 10 to very painful. To facilitate interpretation, the
Wong-Baker Scale was also used [13]. In the sleeping difficulty scale O corresponded to no sleeping
difficulty while 10 to maximum sleeping difficulty.

Information on complications reported by patients or their parents was collected throughout

treatment. Total usage time was recorded 2 months after delivery of each facemask.

Harms

Adverse events were assessed clinically and analytically at each monthly follow-up visit.

Sample size
Considering a null hypothesis for a proportion of 50% in the preference between the two facemasks
and an alternative hypothesis of 80%, with alpha set at 0.05, a power of 80% and a dropout rate of

15%, 24 patients were required.

Randomization
The order of the two facemasks was block randomized so that 12 patients were allocated to the
conventional facemask as the first device and 12 patients were allocated to the personalized

facemask as the first device (Fig. 4).

Sequence generation

The randomization list was computer-generated by the statistician (MN) and hidden inside
numbered, opaque and sealed envelopes that were opened at the time of facemask delivery. Patients
were enrolled by one operator (LF) and they were assigned to each facemask by another operator

(CB).

Blinding
Neither the patient nor the operator was blinded. The statistician (MN), however, was blinded to

group assignment.

Statistical methods
Descriptive statistics were performed for all variables (frequency and percentage for qualitative

variables and mean and standard deviation for quantitative variables). For the primary outcome
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variable (facemask preference) the test was performed for one proportion and the 95% confidence
interval [Cl] was calculated using the Clopper-Pearson exact method.

A mixed-effects model was used to evaluate the VAS scores for pain at 2 weeks and 2 months. In the
model, the random effect was represented by the patient, and the fixed effects were the type of
facemask used and the period (first or second period of use). A similar model was applied for the VAS
scores assessing difficulty sleeping at 2 weeks and 2 months, as well as for the total facemask usage
time at 2 months. McNemar test was used to evaluate complications.

Statistical analysis was carried out according to the intention-to-treat method. All statistical tests were

performed with JMP 13.0 (SAS Institute Inc.) using a level of statistical significance of .05.

Results

Participants were recruited from September 2024 to May 2025 and the study was completed in

September 2025.
[ Enrolment J Assessed for eligibility (n=24)
Excluded (n=0)
Not meeting inclusion criteria (n=0)
Declined to participate (n=0)
Other reasons (n=0)
v
Randomised (n=24)
. ( Allocation 1 lv
Allocated to intervention (n=24) Allocated to intervention (n=24)
Received allocated intervention (n=24) Received allocated intervention (n=24)
Did not receive allocated intervention Did not receive allocated intervention
(n=0) (n=0)
| [ Follow-Up W I
Discontinued intervention (n=0) Discontinued intervention (n=0)
Lost to follow-up for primary outcome (n=0): Lost to follow-up for primary outcome (n=0):
l [ Analysis } 1
A
Analysed for primary outcome (n=24) Analysed for primary outcome (n=24)
Excluded from analysis (n=0) Excluded from analysis (n=0)

Figure 4. Consort 2025 flow diagram [12]. S, Standard FM Group; P, Personalized FM Group.
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There were no dropouts and no deviations from the planned protocol. The mean age of the
participants was 8.4 years (standard deviation 1.8, range 5.5-12.5). There were 13 males and 11
females.

Twelve participants were allocated to standard facemask as first facemask (Standard Group) and 12
participants were allocated to personalized facemask as first facemask (Personalized Group).

7 patients preferred standard facemask (29%) while 17 patients preferred personalized facemask
(71%, 95% Cl: 49% to 87%). This difference in preference was marginally non significant (P = 0.064
Exact one sample test on proportions).

The differences between the two facemasks as for usage time, pain, and sleeping difficulty are

reported in Table I.

Table I. Pain, sleeping difficulty, and wearing time for the two FMs.

Standard Personalized
N=24 N=24
Variable Mean (SD) Mean (SD) Difference 95%Cl P-value
Pain 2 weeks 2.0(2.2) 1.0 (2.2) 0.9 -0.1;-1.8 0.034
Pain 2 months 1.0 (1.4) 1.3 (1.6) 0.4 -0.6;1.3 0.413
Sleeping difficulty 2 weeks 1.0 (1.8) 1.0 (1.3) 0.0 -0.7; 0.7 1.0
Sleeping difficulty 2 months 0.9 (1.3) 0.7 (1.3) -0.2 -0.8; 0.5 0.583
Wearing time (hours/day) 8.0(2.1) 8.2 (1.6) 0.2 -0.3;0.8 0.394

Pain at 2 weeks was significantly lower with the personalized facemask (difference —0.9; 95% Cl: —0.1
to—1.8; P =0.034). No significant differences were observed in pain at 2 months (difference 0.4; 95%
Cl from-0.6 to 1.3; P = 0.413), difficulty sleeping at 2 weeks (difference 0.0; 95% Cl from-0.7 to 0.7; P
=1.0) or 2 months (difference-0.2; 95% Cl from-0.8 to 1.5; P = 0.583), and wearing time (difference
0.2; 95% Cl from-0.3 to 0.8; P = 0.394). Skin irritation at 2 weeks occurred in 83% of cases with the
standard facemask and 62% with the personalized facemask (P = 0.062, McNemar exact test). At 2
months, irritation occurred in 62% and 58% of cases, respectively (P = 1.0). Complications were
reported in 21% of cases with the standard facemask and 17% with the personalized facemask (P =

1.0, McNemar test).
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Discussion

The aim of this study was to compare the standard facemask with personalized facemask for early
treatment of Class Ill malocclusion. Literature has demonstrated that among various types of
orthodontic devices, the standard facemask has the lowest acceptance rate [6]. This may be due to
the main complaints reported by patients to the orthodontist, such as bulkiness, instability on the
face, and, overall, uncomfortable use of the device. The discomfort felt by the patient may lead to
loss of compliance and, consequently, may contribute to the failure of orthodontic therapy. For this
reason, we compared the standard with a new customized digital design to test if it would have been
more comfortable in terms of pain, skin irritation and difficulty in sleeping. In our investigation, 71%
of patients expressed a preference for the personalized FM. This observed difference in preference
was found to be marginally non significant (P = 0.064). This result may be explained by the use of a
low-sensitivity exact test for paired data, which may not have adequately captured subtle differences.
The Clopper Pearson interval is used to evaluate binomial confidence intervals in small samples and
in this study did not indicate a clear preference for the personalized facemask. The observed
differences approached statistical significance, and due to this further evaluation in a larger sample
is suggested to further clarify these findings. Even though the difference in preference was marginally
non significant, it can be attributed to enhanced initial comfort, since there was a statistically
significant reduction in patient-reported pain for the personalized facemask after the 2-week
assessment. Skin irritation also demonstrated a trend toward significance (P=0.062) during this initial
period. However, due to patient adaptability these advantages diminished over time. At the 2-month
follow-up, pain, skin irritation, and difficulty in sleeping converged, with no significant differences
between the two FMs. Therefore, it may be inferred that these combined short-term effects explain
the greater preference for the personalized FM.

For effective results, several authors recommend a facemask wear time ranging from 10 to 24 hours
per day [14]. However, literature shows that 92% of patients do not adhere to the prescribed usage
times, wearing the device for about 9 hours out of the 13 hours prescribed. This risks to compromise
the effectiveness of the orthodontic treatment [15]. To overcome the inherent limitation of assessing
appliance wear time based solely on patient-reported adherence, we incorporated a TheraMon
sensor (MC Technology GmbH, Hargelsberg, Austria) to precisely quantify patient compliance with
both the standard and personalized facemasks. A previous investigation by Stocker et al. [5] utilized
TheraMon chip technology to evaluate facemask usage time, reporting an average wear time of

approximately 10 hours per day. In contrast, the average wear time observed in our current study
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was approximately 8 hours per day. This discrepancy in mean wear time may be attributed to
differences in the sample size employed. Specifically, the Stocker et al. [5] study evaluated only a
single patient, whereas our present study utilized a larger and more representative cohort. Patients
in our study were prescribed a recommended wear time of 14 hours per day. The sensor recorded a
mean wear time of 8.2 hours for the personalized facemask (PFM) and 8.0 hours for the standard
facemask (FM). Independently of the facemask design, this observation confirms data from previous
studies showing an average of about 9 hours of actual use of removable devices despite prescriptions
of 12 to 15 hours [16—18]. Our study is in accordance with Arreghini et al. [18], who evaluated the
influence of various variables on collaboration, including the awareness of being monitored. Their
study showed that such awareness does not directly enhance compliance. Similarly, we recorded an
average wear time of about 8 hours per day, predominantly during nighttime. Regarding sensor
reading reliability, several studies have evaluated the accuracy of TheraMon microsensors in vitro or
in vivo only under intraoral conditions [19—-22]. The sensor chip is calibrated to record appliance use
exclusively when detecting temperature values within the range of 33.5°C to 39°C, a range that
encompasses most normal intraoral temperatures. Although the TheraMon system was initially
developed to monitor compliance for intraoral appliances [23—-28], its application has been evaluated
for extraoral devices, including cervical headgear [29] or the facemask [5,30]. Nonetheless, the
sensor’s recordings have demonstrated certain limitations [31] , as the device appears susceptible to
seasonal temperature fluctuations, especially during the summer months [32].

Appliance-related factors that can be controlled to improve patient compliance include appearance,
usage instructions, and comfort. Enhancing appliance appearance through customization [9],
embellishments and decorations [10] and the integration of gamification [33] have all been proposed
and demonstrated promising clinical results. However, this study design avoided including other
variables such as changes in the appearance of the appliances. The personalized FMs were as similar
as possible to the standard FMs. Despite our efforts, the acrylic pads were not the same color and in
the personalized FMs they were transparent which could also have affected patient’s preference.
Gamification was also intentionally left out of the present investigation since increasing cooperation
was not main goal of this study.

In the present study, usage instructions remained consistent across both FM types. Since patients
were prescribed the same level of cooperation, the recorded daily wear time for both the standard
and personalized FMs was similar, showing no significant differences between the two designs.

Regarding comfort and adaptability, the personalized FM was certainly better received, garnering a
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70% patient preference. However, this increase in preference was insufficient to significantly increase
the actual wearing time, which remained constant at approximately 8 hours per day. The reduced
cooperation observed is presumably attributable to the bulkiness of the device, which is
predominantly used in a domestic setting. Consequently, greater patient cooperation with the use of
intra-oral appliances could be expected [34].

In this context, several authors have proposed reproducing the force system of the facemask
intraorally in order to improve adaptability and reduce the bulk associated with extraoral devices,
thereby increasing patient acceptance and wear time. Bone-anchored alternative systems have
already shown promising results in achieving orthopedic correction of Class Ill malocclusion [35—39].
However, more importantly than appliance design, the factor that should truly be investigated to
improve cooperation is the appliance's psychosocial impact on the child's self-perception, given that
our findings demonstrated that cooperation is not necessarily associated with adaptability. A study
by Topcuoglu [40] assessed the potential influence of orthodontic extraoral appliances on depression
and anxiety levels in both patients and parents. Their findings demonstrated that the 1-year
treatment group scored significantly higher on both the depression and trait-anxiety scales when
compared to the pre-treatment group. Consequently, thorough consideration of psychological
parameters is warranted both before and throughout treatment with extraoral appliances.
Regarding treatment outcome evaluation, a recent study by Abdulkareem et al. [11] assessed
differences in the effectiveness of digital versus standard FMs. While both facemask types were found
to be effective for Class Ill correction, better acceptance during sleep was reported in their study,
which contrasts with our findings. However, patient comfort and compliance in that study were
recorded via self-reported data, which often fail to accurately reflect real wear duration or
acceptability. For these reasons, objective compliance monitoring systems are essential, alongside
continual reinforcement of the importance of patient cooperation throughout the treatment period.
In our current study, appliance use was effectively monitored using the TheraMon sensor, which
demonstrated no significant differences in wearing time between the two FM designs.

While the sample size in the current investigation is relatively small, and a larger cohort might be
required to increase statistical power and allow for clinically relevant subgroup analyses, the
collective data suggest that effectiveness is equivalent, wearing time is equivalent, and preference is

statistically similar with marginally non significant results.
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Conclusions

In children between 5 and 12 years with Class lll malocclusion requiring early orthopedic treatment

with facemask:

1.
2.

71% of patients preferred personalized FM, which is marginally non significant.

Pain at 2 weeks was significantly lower for the personalized FM compared to the standard one.
Skin irritation at 2 weeks was lower for the personalized facemask, which is marginally non
significant.

No statistically significant differences for wearing time, pain at 2 months, skin irritation at 2

months, difficulty in sleeping and complications between the two FMs were found.
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Appendix

A) A Diagnostic and Treatment Planning Checklist for Vertical Problems in
Orthodontic Patients

Abstract

Vertical discrepancies in orthodontics represent a complex and multifactorial diagnostic challenge.
Traditional approaches often lack a consistent correlation between facial patterns, overbite, and
occlusal vertical dimension, limiting a comprehensive treatment planning. This article proposes a
diagnostic checklist structured around five key factors—lower anterior facial height, incisor display at
rest, posterior dental height, overbite, and occlusal wear—to assess vertical problems across macro-
, mini-, and microesthetic levels. The amount of incisor display at rest serves as the guiding parameter
for planning vertical tooth movements and determining jaw positioning. Each diagnostic factor
contributes uniquely to evaluating vertical proportions, esthetic balance, and functional occlusion.
The checklist offers clinicians a hierarchical tool to decode clinical and cephalometric findings and
translate them into individualized treatment strategies. Possible therapeutic options include anterior
or posterior tooth intrusion or extrusion, restoration of worn teeth, and orthodontic or orthognathic
repositioning of dental or skeletal structures. Three clinical cases—addressing deep bite, open bite,
and occlusal wear—illustrate the application of the checklist. These examples underscore the critical
role of incisor display in planning and executing movements that harmonize the face, smile, and

occlusion.

Introduction

Throughout human evolution, the capacity for oral communication gradually evolved into graphical
representation, beginning with cave paintings and hieroglyphs and eventually leading to the
development of our modern alphabet. Humans have the unique ability to create codes that they can
decode into meaningful information. Since the classical period of art, we have sought to define
standards of beauty using measurements and proportions, thereby codifying our perception of
attractiveness [1].

In our field, these principles have been translated into anthropometry and subsequently into
cephalometric measurements. Over the history of orthodontics, cephalometric analysis has aimed to
establish norms, patterns, and associations within these measurements. Despite the development of

these tools to analyze facial proportions, the process of translating a three-dimensional structure into
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two-dimensional representations often results in the loss of information, especially in the context of
diagnosis and treatment planning. For instance, changes in the vertical dimension will affect the
sagittal relation of the jaws. A major shortcoming of depending only on a cephalometrically driven
treatment plan is that it is focused mainly on the sagittal and vertical planes of space at a single point
in time and does not take into account how the face, the jaws, and the teeth can change with
treatment and over our lifetime [2].

Vertical problems in craniofacial development can affect three primary aspects: facial proportions,
the amount of overbite, and the occlusal vertical dimension (OVD). Interestingly, these factors are
not inherently associated with one another. One of the most persistent misconceptions in
orthodontics is the supposed association between facial patterns and overbite. In reality, any growth
pattern can be linked to an open bite as easily as to a deep bite [3-5]. Similarly, interocclusal distance
can vary significantly across different facial patterns [6]. Due to the widespread and often conflicting
information surrounding vertical problems, they remain unclear and therefore yet a challenge in
orthodontics.

To address these issues effectively, vertical problems must be diagnosed with consideration of their
impact on facial proportions, smile aesthetics, and occlusion, as well as the impact of vertical occlusal
changes on the sagittal dimension. Therefore, the aim of this article is to provide a comprehensive
checklist of diagnostic factors, encompassing the face, the smile, and the occlusion, to guide

treatment approaches for managing vertical problems.

Diagnostic factors
The field of contemporary orthodontics has evolved, shifting its focus from merely addressing
occlusion to encompassing the smile and overall facial aesthetics. Sarver [2] was the major
contributor of looking into these fundamental concepts:

=  Macro-esthetics: The profile and vertical facial dimensions, i.e., the face

=  Mini-esthetics: The smile esthetic factors, eg, buccal corridors, smile arc, incisor display

=  Microesthetics: The teeth and their many parameters, eg, contacts and connectors,

embrasures, gingival shape and contour

All of these aspects can be affected in the vertical dimension. To integrate these factors into an
effective treatment plan, five key elements should be carefully analyzed. They are:

= |ower anterior facial height (LAFH)
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= Maxillary and mandibular incisor exposure at rest
= Posterior alveolar height
= Qverbite
= QOcclusal wear
These elements guide the therapeutic approach and, ultimately, the treatment plan. Each of these

diagnostic factors will be explored in detail.

Lower anterior facial height

Social psychology studies have found certain aspects to be important for beauty: averageness,
symmetry, and sexual dimorphism [7]. The search for defining ideal facial proportions has a long his-
tory, since the understanding of facial aesthetics has been shaped by prominent figures such as
Phidias and the ancient Greek sculptors, as well as Renaissance masters like Leonardo da Vinci and
Michelangelo. These artists were among the first to establish the fundamental principles of facial
proportions, exploring concepts such as the “facial thirds” [1]. A key aspect in achieving facial balance
is the normal vertical dimension of the lower face, with particular emphasis on the measurement of
LAFH [8].

The typical facial proportions are defined by dividing the face into thirds: the upper third extends
from the hairline to the bridge of the nose, the middle third from the bridge to the ala of the nose,
and the lower third from the ala of the nose to the menton (Fig. 1A). The LAFH, measured from
anterior nasal spine to menton, should account for approximately 65% of the total facial height, from
nasion to menton, typically ranging between 55 and 65 mm in a balanced face (Fig. 1B) [9]. Of the
three facial thirds, only the lower one can be modified through orthodontic or surgical treatment.
Discrepancies in these proportions result in variations known as long or short faces.

A long face is characterized by an increased LAFH, a high mandibular angle, and lip incompetence
(Fig. 1C), while a short face is associated with a decreased LAFH, a low mandibular angle, and
overclosure of the lips (Fig. 1D).

With the purpose of defining normal facial proportions and mandibular rotation during growth, Horn
[10] described the facial height index as the proportion between the anterior and posterior facial
heights. Ranges from 0.55 to 0.85 can be treated with orthodontics only, while cases outside these
ranges should be considered for a surgical approach. Legan and Burstone [11] and Proffit et al. [12]
have proposed the ratio G-Sn/Sn-Me’ (normal = 1:1) to describe soft-tissue proportionality between

the upper and lower facial heights. Significant changes to these proportions are largely dependent
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on surgical interventions, as facial proportions do not typically alter with natural growth [13].
A

hairline
1/3

glabella

1/3

ala of the nose

1/3

menton

B

nasion

ANS

Figure 1. (A) Ideal facial proportions illustrating the division of the face into thirds: hariline to glabella,

glabella to subnasale (ala of the nose), and subnasale to menton. (B) Cephalometric assessment of
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lower anterior facial height (LAFH), measured from anterior nasal spine (ANS) to menton,
representing approximately 65% of the total facial height (nasion to menton). (C) Clinical
characteristics of a long face, including increased LAFH, steep mandibular plane angle, and lip
incompetence. (D) Clinical features of a short face, characterized by reduced LAFH, a low mandibular
plane angle, and lip overclosure. (E) Initial CBCT scan of a patient with a long face for ortho-surgical
treatment planning. (F) Treatment planning involving maxillary impaction combined with mandibular
advancement. (G) Treatment planning involving maxillo-mandibular counterclockwise rotation. (H)
Initial CBCT scan of a patient with a short face for ortho-surgical treatment planning. (I) Treatment
planning involving maxillary set-down and mandibular advancement. (J) Treatment planning involving

maxillo-mandibular clockwise rotation.

Orthognathic surgery can either increase or decrease the LAFH through different vertical
displacement of the jaws, such as maxillary impaction, maxillary set-down, and counterclockwise or
clockwise rotations of the maxillomandibular complex (Fig. 1E-J) [14].

These surgical approaches allow for the modification of facial proportions to achieve a more balanced
facial aesthetics. Nevertheless, maxillary vertical changes are limited by the amount of incisor
exposure at rest. Excessive tooth exposure associated to a vertical maxillary excess permits maxillary
impaction, but when tooth exposure is normal, counterclockwise rotation of the maxillomandibular
complex is indicated. The same reasoning follows for maxillary set down, which leads to the next

pivotal diagnostic factor when analyzing vertical changes in orthodontic patients [14].

Maxillary and mandibular incisor exposure at rest

A critical diagnostic factor in determining vertical movement of the maxilla is the amount of maxillary
incisor exposure at rest [15,16], which serves as the foundation for subsequent evaluation and
planning. Incisor display at rest is a crucial factor in both smile and speech aesthetics. Ideally, in adults,
there should be 2 mm or more of maxillary incisor exposure at rest, with minimal or no visibility of
the mandibular incisors (Fig. 2A—C) [15,17].

This parameter can be assessed using cephalometric radiographs (Fig. 2D) or clinical photography,
which measures the distance from the maxillary and mandibular incisor borders to the stomion of

upper and lower lips, respectively [18,19].
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Figure 2. (A) Ideal exposure of the maxillary incisors at rest, 2 to 4 mm from incisal border to upper
lip. (B) Decreased maxillary incisor exposure at rest, indicating possible incisor intrusion or vertical
maxillary deficiency. (C) Increased maxillary incisor exposure at rest, suggestive of vertical maxillary
excess or incisor extrusion. (D) Cephalometric representation of the normal vertical position of the
maxillary incisors relative to the upper lip. (E) lllustration of the functional aesthetic occlusal plane
(FAQP), as proposed by Camara [19], used to evaluate the vertical positioning of the maxillary and

mandibular incisors in relation to the soft tissue structures.

Videography, particularly when using specific phrases or phonemes such as “ema” or “Mlississipi,” can
also provide valuable insights into incisor display dynamics [20]. Another helpful guideline is the
functional aesthetic occlusal plane, defined as a reference line passing through the midcontact point
of the maxillary and mandibular first molars and the upper lip stomion (Fig. 2E). Ideally, the edge of
the maxillary incisors should be positioned approximately 2 to 4 mm below this line [19].

Inadequate incisor display can arise from a variety of factors, including vertical maxillary deficiency
or excess (as explained in the previous section), extruded or nonerupted maxillary incisors, or short
clinical crown height. When there is excessive incisor display with no maxillary excess and adequate
proportionate crowns, we face dental extrusion; conversely, a lack of vertical anterior exposure will
allow dental extrusion. When attrition leads to shorter incisors, cosmetic dentistry is indicated.

Additionally, the inclination of the maxillary incisors should be considered, since it can also affect
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incisor display at rest and on smile. Flared maxillary incisors decrease incisor display, while upright
maxillary incisors increase it [21].

While the ideal amount of incisor exposure varies among individuals, achieving proper incisor vertical
positioning is fundamental to creating a balanced and aesthetically pleasing smile, particularly in
cases involving vertical dimension discrepancies. Regardless of the method used to assess incisor
display, any vertical movement of the jaws or teeth must consider this parameter to avoid unintended
consequences. Failure to account for incisor display may result in an aged or unbalanced smile,

particularly during speech [22].

Posterior alveolar height

Vertical discrepancy malocclusions are influenced by skeletal and dental factors. Measuring posterior
alveolar height is essential for diagnosing vertical dimensional issues. This can be done via
cephalometric radiographs by measuring the distance from the occlusal surface of the molar to the
palatal and mandibular planes. Normal values are 24 mm in the upper arch and 34 mm in the lower
arch (Fig. 3A and 3B) [23]. The LAFH plays a key role in the development of molar dentoalveolar
heights, with an increase in LAFH positively impacting molar heights. Conversely, jaw divergency
negatively affects these dentoalveolar heights. Skeletal abnormalities in the vertical dimension often
result from differences in the development of anterior and posterior facial heights, leading to
rotational growth or shifts in mandibular position that alter the chin projection and facial proportions.
An increase or decrease in the LAFH can have a profound effect on the horizontal relationship of the
maxilla and mandible. If LAFH is increased, the mandible will appear to be more retrognathic. If LAFH
is decreased, the mandible will appear to be more prognathic [24].

Managing vertical discrepancies requires understanding the relationship between anterior and
posterior facial heights and considering the skeletal and dental factors involved. In the maxilla, vertical
discrepancies often present as posterior alveolar excess or a posteriorly positioned maxilla. The
mandible may show posterior alveolar excess and short mandibular rami, with additional features
such as a superiorly positioned condylar fossa, obtuse cranial base angle, and condylar resorption. In
the maxilla, posterior alveolar development decreases as the MP-SN angle decreases, while in the
mandible, it decreases to a lesser extent [25].

Treatment options for posterior alveolar height issues include surgical intervention for excessively
increased makxillary height or skeletal anchorage to intrude posterior teeth and correct vertical

discrepancies by counterclockwise mandibular rotation. While extraoral appliances were traditionally
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used for vertical control, skeletal anchorage has become a more viable treatment option (Fig. 3C)
[26].
A

>24mm ‘7\

.
7

>34mm /
¢

Figure 3. (A) Cephalometric assessment demonstrating increased posterior alveolar height, defined
as the vertical distance between the palatal plane and the maxillary first molar exceeding 24 mm, and
between the mandibular plane and the mandibular first molar exceeding 34 mm. (B) Cephalometric
representation of reduced posterior alveolar height, characterized by a vertical distance less than 24
mm from the palatal plane to the maxillary molar, and greater than 34 mm from the mandibular
plane to the mandibular molar. (C) Excessive posterior alveolar height can be corrected by molar

intrusion using skeletal anchorage devices (e.g., mini-implants or miniplates). (D) Deficient posterior
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alveolar height may be managed by molar extrusion facilitated through the use of an anterior bite

plate.

In adult patients undergoing molar intrusion using orthodontic mini-implants, an average maxillary
first molar intrusion of 2.67 mm can be achieved, corresponding to 0.86 mm overbite increase per
millimeter of molar intrusion, with no significant skeletal changes [27]. Opening or closing 1 mm in
the molar area will change the Y axis and SNB angle by 2.5° [28]. However, attempts to intrude
posterior teeth may result in compensatory extrusion in the mandibular molars, requiring
stabilization of the lower arch [29]. For underdevelopment of posterior alveolar height, growth
stimulation through anterior bite plates can promote extrusion and counterclockwise rotation of the
mandible, improving facial balance (Fig. 3D). In severe cases, when significant changes to LAFH are
needed, surgical options like maxillary impaction or mandibular rotation may be considered to restore

facial harmony [14].

Overbite

Overbite is also a key diagnostic factor in orthodontic analysis and is defined as the vertical overlap
of the incisors. Normally, the lower incisal edges contact the lingual surface of the maxillary incisors
at or above the cingulum, resulting in a 1 to 2 mm overbite or about one-third of incisor overlap (Fig.
4A) [30]. When the overlap is absent, it is called an open bite (Fig. 4B), and when it is excessive, it is
referred to as a deep bite (Fig. 4C) [30]. However, the goal of managing overbite goes beyond static
measurements; it is essential for anterior guidance, which serves to protect the posterior teeth from
protrusive and lateral stress, to decrease jaw muscle activity and the force on anterior teeth (Fig. 4D—
F). Anterior guidance is the immediate disocclusion of posterior teeth in the protrusive excursion of
the mandible, and it depends basically on 3 factors: incisor inclination or interincisal angle, amount
of overjet and overbite, and the slope of the articular eminence. Therefore, different combinations
of incisor inclination and position will grant incisal guidance (Fig. 4G). Patients with larger overjets
will need more proclined incisors, and patients with deeper overbites will accept more upright
incisors. The higher the cusps of posterior teeth, more disocclusion will be needed. As such, overbite
should not be assessed in isolation, as dynamic occlusion plays a critical role in determining the

appropriate correction [31].
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Figure 4. (A) Normal overbite, demonstrating physiologic vertical overlap between maxillary and

mandibular incisors. (B) Anterior open bite, defined by the absence of vertical overlap between
opposing anterior teeth. C) Deep bite, characterized by excessive vertical overlap of the anterior
teeth. (D—F) Functional significance of appropriate overbite in establishing effective canine and
protrusive guidance, which facilitates posterior disocclusion during excursive movements, reduces
masticatory muscle activity, and minimizes forces on the anterior dentition. (G) The required
magnitude of overbite is influenced by the inclination of the incisors, which affects the ability to

achieve adequate posterior disocclusion during functional movements.
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Deep bites can be corrected through a combination of intrusion of the anterior teeth and extrusion
of the posterior teeth. A common orthodontic error in correcting deep bites is the over intrusion of
the maxillary incisors, which can reduce maxillary anterior teeth exposure at rest. This misconception
can often go unnoticed unless the incisor display is carefully analyzed. As patients age and the upper
lip begins to droop, such mistakes can exacerbate the lack of display of anterior teeth [15].

In cases with large overbite, the correction should be individualized for the patient, ensuring that the
treatment does not exceed the incisor display limits. If the necessary correction exceeds the space
available for maxillary and mandibular incisor adjustment, the additional correction should be
allocated to the posterior segment by extrusion of maxillary and mandibular molars.

There are many definitions for anterior open bite (AOB), such as lack of incisor contact, or as mild,
moderate, or severe, simple or complex, depending on the number of teeth involved and dental or
skeletal, according to the tissues involved. AOB is perhaps one of the sole malocclusions that has a
functional impact, negatively affecting quality of life [32], since the lack of incisor contact reduces the
capability of biting.

Due to the multifactorial etiology of AOB, many treatment options have been devised, including
incisor extrusion, molar intrusion, or a combination of both. In most cases, maxillary incisor extrusion
is indicated to improve smile esthetics and enhance incisor display, particularly given the frequent
presence of an inverted smile line in AOB patients. Nevertheless, the amount of incisor extrusion
required is dictated by the degree of maxillary incisor display at rest, which must be carefully assessed
during treatment planning. This diagnostic factor is essential for determining the appropriate
biomechanical approach, posterior intrusion, anterior extrusion, or a combination, while ensuring
the development of a functional occlusion and the long-term stability of treatment outcomes.
Despite this, overbite stability evaluating different mechanics has been widely studied, but still with
very low level of evidence. The best evidence on the relapse rate of different open bite treatment
modalities according to which tissue was approached shows that myofunctional therapy tends to
yield more stable results than all other treatment modalities [33,34]. Stability of vertical movements
are yet not clearly defined. Molar intrusion presents a relapse of approximately 12% to 27% in the
upper and lower arch, respectively [35]. The variation in overbite relapse in deep bite cases is very
large, ranging from 0% to 82% [36], measured on anterior teeth only, with no information on the

posterior region.
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Occlusal wear
Dental wear can be defined as hard tissue loss and may partially involve the enamel or extend further
to the exposure of dentinal tissue. The wear may affect the occlusal surfaces of posterior teeth (Fig.

5A) or the incisal surfaces of anterior teeth (Fig. 5B) with different clinical implications.

RVD - OVD = 10D
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Figure 5. (A) Clinical example of posterior occlusal wear, indicative of loss of vertical dimension or
parafunctional activity. (B) Clinical presentation of anterior dental wear, commonly associated with
functional or parafunctional loading and loss of anterior guidance. (C) Schematic representation of
vertical jaw relationships: Occlusal Vertical Dimension (OVD), defined as the distance between the
maxilla and mandible when the teeth are in maximum intercuspation; Rest Vertical Dimension (RVD),
the distance between the jaws when the mandibular muscles are at rest; and interocclusal distance
(I0D), or freeway space, representing the difference between RVD and OVD. (D) Distribution of
combined mean values by gender for each tooth group, illustrating the percentage of teeth within

+0.5 mm of the mean.

Occlusal wear can occur primarily under two conditions: carious and noncarious destruction.
Noncarious tooth surface loss includes mechanisms such as attrition, defined as the mechanical wear
resulting from tooth-to-tooth contact, and erosion, which involves the chemical dissolution of dental
hard tissues without bacterial involvement [37]. Occlusal wear is a vertical problem since it reduces
occlsual vertical dimension (OVD). OVD is defined as the distance between the jaws when teeth are
in occlusion. Rest vertical dimension is the distance between the jaws when muscles are at rest, and
the interocclusal distance is the difference between these two dimensions, also known as freeway
space (Fig. 5C) [38].

The OVD should not be considered an immutable reference, but rather a dynamic dimension within
a zone of physiological tolerance that can be altered as long as the dentist respects the envelope of
function [39]. Among the most commonly accepted techniques for determining the OVD are the
morphological or facial proportions, the physiological (based on the physiologic rest position),
phonetic, and cephalometric [39]. In cases with posterior bite collapse or in denture wearers, loss of
OVD is common [39].

The primary indications for changing the OVD are: harmonizing dentofacial esthetics, providing
adequate space for the restorative material, and improving incisal and occlusal relationships [39].
Proper establishment of crown dimensions and OVD prior to orthodontic treatment is essential for
effective case management. In cases of posterior tooth wear, OVD should be initially recovered by
occlusal restorations (Fig. 6A—F). For anterior wear, teeth must first be positioned appropriately
through orthodontic treatment before restorations, according to dental esthetic parameters and

accurately planned based on the final occlusal position (Fig. 6G—L). Individual tooth proportion of the
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maxillary anterior dentition, defined by the anatomic width/length dimensions as a percentage ratio,

falls within a range of 72% to 80%, with an average of 76% (Fig. 5D) [40].
B

Figure 6. (A—C) Initial presentation of a Class Il malocclusion with anterior and posterior wear and
reduced occlusal vertical dimension. (D—F) Restoration of posterior occlusal vertical dimension with
temporary or definitive restorations prior to orthodontic treatment, leading to a temporary bite

opening and Class Il worsening. (G—I) Tooth positioning precedes esthetic restorations to ensure
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proper incisor display, proportion, and alignment according to the planned final occlusion. (J-L) Final

correction of the Class Il malocclusion.

Checklist application
To integrate these key diagnostic elements, a structured checklist has been established for the

assessment of vertical discrepancies in orthodontic patients (Fig. 7).

Incisor Exposure at Rest | Posterior Alveolar Height Overbite Crown Height

Increased

Decreased

. ----

Treatment

Figure 7. Checklist for vertical problems in orthodontic patients. For each diagnostic parameter in
column, a cross (X) or a value is placed in the corresponding row (decreased, normal, or increased)
based on clinical and radiographic findings. The final row is used to plan the treatment strategy based

on the patient’s vertical skeletal and dental characteristics.

This instrument allows for the identification of appropriate therapeutic strategies based on clinical
and cephalometric findings. The following section illustrates the application of this checklist through

the analysis of three representative clinical cases.

Case 1: Deep bite

The patient exhibited a hypodivergent skeletal pattern, with good lip seal and a flat smile line (Fig.
8A—C). The occlusal relationship was Class |, associated with multiple diastemas in both arches and a
deep bite (Fig. 8D—F). Each diagnostic factor included in the checklist for vertical problems was
analyzed. The patient presented with a decreased LAFH, with less than 65% of the total facial height
(Fig. 8G), which could be increased through molar extrusion. Accordingly, “decreased” was marked

in the LAFH column, and “increase with molar extrusion” was written in the treatment row (Fig. 8H).
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At rest, the maxillary incisor exposure measured approximately 1 mm (Fig. 8G), indicating a reduced

display.

A B C

LFH< 65%
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Incisor Exposure at Rest | Posterior Alveolar Height Overbite Crown Height

Decreased

Increase
Treatment | with molar | Extrude Ul Intrude L1 Extrude U6 | Extrude L6 Intrude L1
extrusion

Figure 8. (A—C) Initial extraoral photographs showing hypodivergent skeletal pattern, good lip seal,
and a flat smile line. (D—F) Initial intraoral photographs showing Class | molar relationship with
multiple diastemas and an increased overbite. (G) Initial cephalometric radiograph with diagnostic
factors revealing decreased LAFH, reduced maxillary incisor exposure at rest, diminished posterior
alveolar height, and increased overbite. (H) Completed checklist for vertical problems, indicating key
diagnostic findings and corresponding treatment strategies: molar extrusion, maxillary incisor

extrusion, and mandibular incisor intrusion.

Therefore, “decreased” was marked in the corresponding column, with “extrude U1” noted in the
treatment row. Posterior alveolar height was also reduced, measuring less than 24 and 34 mm in the
upper and lower arches, respectively (Fig. 8G). As this can also be addressed by molar extrusion,
“decreased” was marked in the posterior alveolar height column, and “extrude U6 & L6” was added
to the treatment row (Fig. 8H). The overbite was increased, while the maxillary incisor exposure at
rest remained reduced. Thus, further intrusion of the maxillary incisors to correct the deep bite was
contraindicated. Instead, “increased” was marked in the overbite column, and “intrude L1” was
indicated in the treatment row (Fig. 8H). No dental wear was observed.

The final treatment plan was determined by summing the individual diagnostic factors, following a
hierarchical decision-making process in which the maxillary incisor exposure at rest served as the key
determinant. This approach led to the decision to intrude the mandibular incisors, achieved by a
reversed curve of Spee, followed by extrusion of the maxillary incisors. This objective was

accomplished by inverting the curvature of the occlusal plane. Proclination of the mandibular incisors
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resulted in their relative intrusion, while simultaneous extrusion of the mandibular premolars and
maxillary incisors was performed (Fig. 8P). Consequently, space closure in both arches was
accomplished without deepening the bite (Fig. 8L—N). Gingival recontouring and composite
restorations were also carried out in the maxillary arch, enhancing the final esthetic result. A

consonant smile line was achieved (Fig. 8K), and, most importantly, an appropriate maxillary incisor

display was restored (Fig. 80).

| | J K

I initial [ ]Final

Figure 8. (I-K) Final extraoral photographs showing improved smile line. (L—N) Final intraoral
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photographs demonstrating space closure in both arches and corrected bite without deepening. (O)
Final cephalometric radiograph displaying improved makxillary incisor exposure. (P) Model
superimpositions demonstrating the effects of mandibular incisor proclination and relative intrusion,

extrusion of maxillary incisors and mandibular premolars, and occlusal plane inversion.

Case 2: Open bite

The patient exhibited a hyperdivergent skeletal pattern, with good lip seal and an inverted smile line
(Fig. 9A—C). Maxillary constriction was observed, with an occlusal relationship of Class | on the right
side and Class Il with a posterior crossbite on the left side (Fig. 9D—F). Each diagnostic factor included
in the checklist for vertical problems was analyzed. The patient presented with an increased LAFH,
with the lower facial height measuring more than 65% of the total facial height (Fig. 9G). This could
be decreased through molar intrusion. Accordingly, “increased” was marked in the LAFH column, and
“decrease with molar intrusion” was written in the treatment row (Fig. 9H).

At rest, the maxillary incisor exposure measured approximately 1 mm (Fig. 9G), indicating a reduced
display. Therefore, “decreased” was marked in the corresponding column, with “extrude U1” noted
in the treatment row. Posterior alveolar height was also increased, measuring more than 24 and 34
mm in the upper and lower arches, respectively (Fig. 9G). As this can also be addressed by molar
intrusion, “increased” was marked in the posterior alveolar height column, and “intrude U6 & L6”
was added to the treatment row (Fig. 9H).

The overbite was decreased; thus, “decreased” was marked in the overbite column, and “extrude U1
& L1” was indicated in the treatment row (Fig. 9H). No dental wear was observed.

In the case presented, the final treatment plan began with transverse maxillary expansion using a
rapid palatal expander. This was followed by posterior intrusion with inter-radicular mini-implants,
with intrusive forces applied on a continuous archwire. This biomechanical setup generated a
clockwise moment, promoting molar intrusion and concurrent incisor extrusion. Final vertical

adjustments were achieved using vertical elastics.
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Figure 9. (A—C) Initial extraoral photographs revealing hyperdivergent skeletal pattern, good lip seal,
and an inverted smile line. (D—F) Initial intraoral photographs showing right Class | and left Class Il
occlusion with posterior crossbite and maxillary constriction. (G) Initial cephalometric radiograph
with diagnostic factors assessment indicating increased LAFH, reduced maxillary incisor exposure at
rest, increased posterior alveolar height, and decreased overbite. (H) Completed checklist for vertical
problems, with diagnostic findings and proposed treatments: molar intrusion, maxillary and
mandibular incisor extrusion. (I-K) Final extraoral photographs showing improved smile line. (L— N)
Final intraoral photographs demonstrating successful open bite closure and corrected occlusal
relationships. (O) Final cephalometric radiograph with evidence of maxillary molar and premolar
intrusion, with root displacement into the maxillary sinus region. (P) Models superimpositions
showing maxillary incisor extrusion, and secondary mandibular incisor extrusion resulting from

counterclockwise mandibular rotation.

The outcome demonstrated successful open bite closure (Fig. 9L—N) and the establishment of an
adequate smile line (Fig. 91-K). Intrusion of the maxillary molars and premolars, evidenced by root
displacement into the maxillary sinus region, was achieved (Fig. 90). Additionally, a significant
maxillary incisor extrusion was performed. The posterior intrusion induced a counterclockwise
mandibular rotation, which further contributed to the extrusion of the mandibular incisors (Fig. 9P).
These occlusal modifications, specifically, the combination of posterior dental intrusion and anterior
extrusion, resulted in substantial improvement of both functional and esthetic parameters. Incisor
extrusion in this case was deemed essential for achieving an esthetically favorable smile line. The
patient presented with harmonious facial proportions; therefore, orthognathic surgery was not

indicated.

Case 3: Occlusal wear

This young adult, who has already undergone previous orthodontic treatment, exhibited a Class Il
occlusion with posterior and anterior dental wear (Fig. 10D—F). Compensatory extrusion of the
mandibular incisors resulted in excessive display of lower anterior gingiva at smile and exposure of
only the mandibular incisors (Fig. 10A—C). Each diagnostic factor included in the checklist for vertical
problems was analyzed. The patient presented with an increased LAFH, with the lower facial height

measuring more than 65% of the total facial height (Fig. 10G). This could be decreased through molar
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intrusion. Accordingly, “increased” was marked in the LAFH column, and “decrease with molar

intrusion” was written in the treatment row (Fig. 10H).
A B
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P
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Figure 10. (A—C) Initial extraoral photographs showing excessive mandibular incisor display and lack

of maxillary incisor exposure due to compensatory mandibular incisor extrusion. (D—F) Initial intraoral
photographs revealing a Class Ill occlusion and anterior and posterior dental wear. (G) Initial
cephalometric radiograph with diagnostic factors evaluation indicating increased LAFH, absent
maxillary incisor exposure at rest, excessive mandibular incisor display, and an imbalance in posterior
alveolar height, with decreased height in the maxilla and with increased height in the mandible. (H)
Completed checklist for vertical problems, highlighting diagnostic findings and planned interventions:

molar intrusion and extrusion, mandibular incisors intrusion, and restorative treatment.

At rest, the maxillary incisor exposure was absent and lower was excessive (Fig. 10G); therefore,
“decreased” was marked in the corresponding column, with “extrude U1” and “intrude L1” noted in
the treatment row. Posterior alveolar height was also increased in the lower arch and decreased in
the upper arch, measuring less than 24 mm but more than 34 mm, respectively (Fig. 10G). Thus,
“increased” was marked in the posterior alveolar height column for the lower arch and “decreased”
for the upper arch; “intrude L6” and “extrude U6” were added to the treatment row (Fig. 10H).

The overbite was decreased, thus “decreased” was marked in the overbite column, and “extrude U1”
was indicated in the treatment row (Fig. 10H). Upper and lower posterior occlusion and anterior
dental wear were observed. Therefore, “decreased” was marked in anterior and posterior crown
height column, indicating “restore U1” and “restore L1” in the treatment row (Fig. 10H).

The initial treatment objective was to achieve a positive overjet and establish posterior occlusal
contacts with bite opening by mandibular clockwise rotation with bite raisers. Orthodontic brackets

were bonded to the mandibular arch and to the posterior segment of the maxillary arch (Fig. 101-K).
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Figure 10. (I-K) Intraoral photographs after bonding of orthodontic brackets to the mandibular and
posterior maxillary teeth, with the use of bite raisers and vertical elastics incorporating a Class llI
vector to achieve bite opening and mandibular incisors intrusion. (L—N) Intraoral photographs after
progressive correction with anterior mini-implants enabling intrusion of extruded mandibular
incisors, restoration of maxillary incisor length, and bonding of maxillary anterior brackets. (0—Q)

Intraoral photographs after provisional composite restorations on maxillary and mandibular incisors
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to reestablish crown height and esthetics after vertical repositioning. (R—T) Final intraoral

photographs after prosthodontic rehabilitation, resulting in final smile esthetics.

Vv W

Figure 10. (U-W) Final extraoral photographs showing proper alignment of maxillary incisor margins
for restorative enhancement and ideal incisor display. (X) Final cephalometric radiograph showing
significant mandibular incisor intrusion via skeletal anchorage. (Y) Models superimpositions
demonstrating successful posterior extrusion using bite plate mechanics and mandibular incisor

intrusion and proclination.

A bite plate was employed in conjunction with vertical elastics incorporating a Class Il vector. This
approach enabled sufficient bite opening to permit restoration of the maxillary central incisors,
bonding of the upper anterior brackets, and intrusion of the overextruded mandibular incisors using
inter-radicular mini-implants in the anterior area (Fig. 10L— N). The vertical repositioning of both

maxillary and mandibular incisors enabled provisional composite buildups to restore incisal length

138



and esthetics (Fig. 100—Q). The patient was subsequently referred to the prosthodontist for final
rehabilitation (Fig. 10R—T).

Successful posterior extrusion via bite plate mechanics, significant mandibular incisor intrusion
through skeletal anchorage, and proper leveling of the maxillary incisor margins to allow for
restorative procedures with optimal tooth proportions and improved incisor display were achieved

(Fig. 10U-Y).

Conclusions

The vertical problem can involve three aspects: inadequate facial proportions, overbite, and OVD.
These aspects have no common association with each other; therefore, there is a need for an
individualised treatment plan. Five diagnostic criteria should be evaluated to establish a treatment
plan that includes the face, occlusal condition, and smile. While diagnostic factors alone provide
discrete data points, their integration in a structured manner enables the formulation of a coherent
treatment strategy. Effective organization in this checklist and interpretation of these diagnostic
elements are useful for optimizing clinical outcomes, which include the face, the smile, and the
occlusion, with the incisor exposure at rest playing the pivotal role in the decision-making diagnostic

process.
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B) Practical guide to in-house aligner fabrication- Part 1: Introduction to the system

Abstract

Clear aligner treatment has gained interest among orthodontists since its introduction in the market
two decades ago. The high patients’” demand for more aesthetic approaches, with greater comfort,
is the primary aspect driving this direction change in the treatment of the malocclusions. However,
this drift impacted the management of clinical practices because orthodontists lost absolute control
over the flow of assembly and manufacture of conventional appliances. Third-party companies hired
for the industrial manufacture of aligners was the concept initially proposed by Align Technology,
manufacturer of Invisalign, a pioneer in the commercial system and market leader. Nevertheless, due
to the inherent costs of this service and the time limitations imposed by outsourcing, the
orthodontists created a digital flow for in-house manufacturing of aligners. This series of three
articles brings practical considerations for using in-office aligners. Additionally, the goal is to share

experiences related to the manufacture and management of the technique.

Introduction

Orthodontics: a specialty in pursuit of continuous improvement through technological changes
The last decades have witnessed directional changes in the practice of Orthodontics, thanks to the
progressive advent of new technologies. Generally, such changes are surrounded by resistance,
doubts, and uncertainties, but when they lead to real gains, with the appropriate adaptations and
improvements, they can contribute to a better world. In order to place colleagues in training into a
historical context, some of the many advances since the creation of the specialty, just over 100 years
ago, can be cited.

The presentation of the dental enamel acid-etching technique by Michael Buonocore' in the mid-
1950s, followed by the introduction of bis-GMA adhesive resin systems in the 1960s by Ray Bowen?,
allowed orthodontic attachments, in the 1980s, to be “bonded” to the enamel instead of being
positioned by means of metal bands on all teeth. The development of elastic metal alloys, such as
nickel-titanium in the 1960s, enabled progressive improvements over the following two decades for
clinical use in Orthodontics, gaining popularity in the 1990s, which allowed orthodontic mechanics
to evolve toward more comfortable and efficient therapies. Research on skeletal anchorage in
experimental animals, in the 1980s by Eugene Roberts?, favored the development of commercially

available temporary devices in the 1990s. This made it possible for the control of tooth movement
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to be carried out more predictably than in the past. Harold Kesling’s* idea in the 1940s of constructing
tooth positioners evolved into a technique with greater control of tooth movement, such as the Essix
system, originated from the research published by Jack Sheridan® in the 1990s. The next step was the
conversion of this essentially analog system into a digital one, introduced by Zia Chishti and Kelsey
Wirth® in the second half of the 1990s, with the founding of Align Technology, owner of the Invisalign
brand. The launch of this product on the market took place in the early 2000s and, since then, there
has been a global directional change in the search for treatments with aligners. The offer of
orthodontic treatments through removable plastic devices has opened the market to contemporary
therapeutic solutions for patients who, faced with the traditional fixed multibracket system, would
not undergo correction of their malocclusions.

It seems evident that, for each of these technological evolutions, there are positive points and also
negative aspects. The disadvantages must be recognized by professionals and, as far as possible,
minimized with preventive measures. Directional changes in professional practice do not eliminate
the need for a complete and in-depth view of the specialty. New technologies essentially come to

add resources.

The Growing Global Demand for Aligners

The rapid popularity gained by aligners in recent years is related to the significant investment made
by Align Technology in global market marketing. The Covid-19 pandemic drastically and
unprecedentedly impacted the demand for treatment of malocclusions, with growth expectations for
the aligner market falling short of projections in the United States in 2020. However, despite the
decline in orthodontic treatment demand in 2020 (a 2% decrease in aligner use compared to 2019),
with public management of the pandemic, the global market for plastic aligners recovered its upward
demand trend. According to a report from Align Technologies’, the global average utilization rate of
aligners increased from 16.8 to 20.1 cases per certified orthodontist in 2021. Financial studies project
growth in the orthodontic aligner market from USD 4 billion in 2022 to USD 16 billion in 2029 (Figure
1).
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Figure 1. Growth of the orthodontic aligner market, in billions of US dollars, between the years 2018

and 2029.

Factors that may contribute to the ongoing growth in demand for plastic aligners include: 1)
technological evolution of computational platforms, facilitating professional management and
control; 2) increased predictability of results with gained experience and training in aligner use by
orthodontists; 3) increased family investment in health; 4) improvement in global post-pandemic
financial indicators; 5) aesthetic and comfort advantages for increasingly demanding patients; and 6)
aging of the world population.

Furthermore, the migration of traditional dental companies to the aligner market (e.g., 3M,
Straumann, Ormco, Dentsply-Sirona, Henry Schein, Argen) strongly indicates the potential for growth
within a short timeframe. Even in developing countries, characterized by younger populations and
fewer financial resources, an increase in demand for aligners is observed.

In Brazil, there has been a notable increase in orthodontists’ interest in using aligners over the past
five years. In private practices, spontaneous demand for “invisible” and removable devices is evident.
The offering of aligners by companies that fully outsource appliance fabrication is very convenient for
professionals, who receive a quality product without the challenges of managing in-house
production. On the other hand, opting for a fully outsourced system imposes financial and production
time constraints on the orthodontist, which do not always accommodate the treatment needs and
specific demands of some patients. Given the limitations of the outsourced system, the development
of technologies and methods that allow aligners to be fabricated directly by clinicians—commonly

referred to as in-office, in-house, or DIY (do-it-yourself)—was inevitable (Figure 2).

146



Figure 2. In-house aligners.

Providing aligners to patients within a matter of hours; offering immediate replacements in cases of
loss, breakage, or staining; and balancing production costs according to the specific demands of each
market and patient profile are some of the advantages of the in-house system compared to
outsourcing.

Given this context, the objective of this series of three articles is to offer novice orthodontists practical
considerations for initiating the use of in-house aligner fabrication. Additionally, it aims to share
experiences related to the fabrication and management of the technique with professionals who are

already users of this system.

In-House Aligner Solutions
Effective, low-cost solutions that meet the current demands of patients can be offered through in-
house aligners. Some clinical examples are presented as an introduction to the potential of the

technique.

Case 1

A 28-year-old female patient, in the post-retention phase of previous orthodontic treatment, had
discontinued the use of fixed lower and removable upper retainers 12 years prior. Her chief complaint
was aesthetic discomfort due to crowding of the lower incisors, motivated by her wedding scheduled

for 10 weeks (75 days) after the orthodontic consultation. There was a relapse of dental misalignment
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in the anteroinferior region (Figure 31). Cephalometric analysis showed proclined lower incisors (L1-
GoGn, 109°; 1-NB, 8 mm), limiting the possibility of realignment by tooth projection (Figures 3| and
3K). The panoramic radiograph (Figure 3J) revealed the presence of all teeth except for the lower
third molars, which had been previously extracted during the corrective phase due to impaction of

the second molars between the first and third lower molars.

Figure 3 (A-K). Case 1 — 28y 11m: A-H) initial extraoral and intraoral photographs, ) initial lateral

cephalogram, J) initial panoramic radiograph, and K) initial tracing.
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Given the short timeframe to resolve the problem using a commercially outsourced aligner system,
and due to the patient’s rejection of fixed multibracket appliances, it was decided to treat her with
in-house aligners. Intraoral scanning was performed on the same day as the initial consultation
(Figure 4A), and within 48 hours, attachments were bonded, interproximal reductions (IPR) were

performed, and the first series of aligners (6 sets) was delivered.

Figure 4 (A-B). Case 1: A) Initial intraoral scanning, B) Intermediate scanning after 45 days.

Considering the very short time remaining until the wedding date, the patient was instructed to
change the aligners every seven days, with 22 hours of daily wear. Biweekly visits were scheduled to
perform additional progressive interproximal reductions (IPRs). After six weeks of use, with four
weeks remaining before the wedding, a new scan was performed (Figure 4B), and a complementary
series of four aligners was delivered within 24 hours. Basic alignment had already been achieved, and
the patient was satisfied with the results obtained within the available timeframe, experiencing
minimal social and professional impact during therapy. After the wedding, three additional in-house

aligners were fabricated based on a new scan, reaching the outcome shown in Figure 5.
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Figure 5. Case 1: Intraoral scan.

Case 2
A 17-year-and-9-month-old male patient in the active finishing phase of fixed multibracket
orthodontic treatment, which involved extraction of first premolars to manage severe space

discrepancy in both arches (Figures 6A—K).
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Figure 6 (A-K). Case 2 — 13y 4m: A-H) initial extraoral and intraoral photographs, 1) initial lateral

cephalogram, J) initial panoramic radiograph, and K) initial tracing.

Already in the advanced stage of therapy with the fixed appliance, the family informed that the
patient was relocating abroad for university studies in North America and wished to complete
treatment in Brazil to avoid changing providers and incurring additional costs. At that time, the
patient presented a significant diastema between the upper right lateral incisor (tooth 12) and the

adjacent canine (tooth 13); linear and angular displacement of tooth 13 toward the buccal; deviation

151



of the lower midline to the left; and rotation of the permanent lower right canine (tooth 43) (Figures

7A-H).

Figure 7 (A-H). Caso 2 — 17y 9m: Intermediate initial extraoral and intraoral photographs.

Given that the patient’s return to Brazil was expected to be biannual, it was agreed to provide in-
house aligners for full-time use (22 hours per day) until the next visit during the upcoming holidays
(a five-month interval). Nine pairs of aligners were fabricated, with recommended biweekly changes,
and the patient was instructed to continue wearing the last pair until the next appointment. The
indicated interproximal reductions (IPRs) were performed during the initial single consultation. All

attachments were also bonded at the first visit.
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Considering that good function and aesthetics could be achieved with tooth 43 in its current position,
correction of its rotation was excluded from the treatment plan, reducing treatment time, the need
for additional IPR appointments, and side effects on adjacent teeth.

Good space closure in the maxillary arch, effective control of tooth 13 movement, and midline
improvement were achieved, despite the upper space closure occurring contralaterally to the

direction of correction (Figures 8A-J).
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Figure 8 (A-J). Caso 2 — 18y 3m: A-H) Final extraoral and intraoral photographs, I) Final lateral

cephalogram, J) Final panoramic radiograph
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Case 3

A 8-year-and-9-month-old female patient in the early mixed dentition phase presented with delayed
eruption of the permanent upper right first molar (tooth 16), mild maxillomandibular constriction,
and significant misalignment of the permanent lower incisors, with teeth 42 and 32 positioned
outside the alveolar ridge contour (Figures 9A—K). Moyers analysis indicated a negative space
discrepancy of 2 mm in the lower arch, considering preservation of the future Leeway space (E
space).

Given the absence of tooth 16 in the oral cavity (Figure 9G), which would complicate transverse
maxillary management by direct expansion at that time (either rapid or slow expansion),

dentoalveolar expansion of the mandible using in-house aligners was chosen.
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Figure 9 (A-K). Case 3 — 8y 9m: A-H) initial extraoral and intraoral photographs, 1) initial lateral

cephalogram, J) initial panoramic radiograph, and K) initial tracing.

Five stages of aligners were fabricated exclusively for the lower arch, with changes every three weeks
and a recommendation of 20 hours of daily wear. Since in-house aligners typically do not have

sufficient durability for full-time use over three weeks, two aligners were fabricated for each stage of
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the printed subset models. Attachments were bonded to the canines and deciduous second molars
of the lower arch. No interproximal reductions (IPRs) were performed.
After four months, a new scan was performed, and an additional five refinement aligners were

fabricated (Figure 10), with the same usage characteristics as the initial ones.

Figure 10. Case 3: sequence of progression.

After eight months of therapy and the use of 10 stages of expansive tooth movements in the lower
arch, animprovement in the alignment of the lower incisors was achieved, positioning them over the
alveolar ridge (Figure 10), with relatively small transverse gains (0.5 mm at the permanent first
molars; 1.5 mm at the deciduous second molars; and 1.9 mm in the deciduous canine region), yet
sufficient to manage the negative space discrepancy (Figure 11A).

Concurrently, discrete but clinically significant spontaneous increases in maxillary transverse
dimensions were observed, resulting in a desirable maxillary arch form despite the absence of direct

expansion appliance intervention (Figure 11B).

Figure 11 (A-B). Case 3: A) lower space analysis e B) upper space analysis.
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Case 4

A 6-year-and-10-month-old female patient in the early mixed dentition phase (Figures 12A-l). She
presented with a general Class | pattern and mild maxillomandibular constriction. There was
significant misalignment of the permanent left central lower incisor, positioned lingually outside the
alveolar ridge.

A negative space discrepancy was suggested in the dental arches, with probable misalignment of the
permanent incisors at the time of their future eruption. It was decided to initially intercept the
negative space discrepancy with maxillary expansion via palatal disjunction, with the expectation that
alveolar compensations in the mandible would favor an increase in arch perimeter and better

alignment of the incisors.
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Figure 12 (A-l). Case 4 — 6y 10m: A-H) initial extraoral and intraoral photographs, |) initial panoramic
radiograph.

After six months of using the palatal expander, an improvement in the position of the upper incisors
was observed. On the other hand, in the lower arch, the eruption axis of the incisors and the
proximity of their roots to adjacent teeth indicated the need for alveolar expansion, which was

performed using a Schwartz acrylic plate.
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The decision was made to use the Schwartz plate in the mandible instead of in-house aligners. This
choice was based on the complexity of managing the active eruption of permanent incisors
simultaneously with the use of aligners. Additionally, the risk of plastic support on the incisor crowns
at that time was considered, which could prevent their physiological accommodation and protection
against possible pressure from the erupting crowns of adjacent teeth.

After four months of using the Schwartz plate, an improvement in the shape of the lower arch was

observed (Figures 13A-J), including space opening between teeth 42 and 83.
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Figure 13 (A-K). Case 4 — 8y 1m: A-H) intermediate, 1) lower arch crowding detail e J) panoramic

radiograph.

As tooth 32 still lacked adequate space for eruption, with a deviation of the lower midline to the left,
it was decided to fabricate five aligners exclusively for the lower arch (with biweekly changes),
directing movements toward the occupation of the diastema created on the right side, while
maintaining positional control of the already erupted incisors and creating space for the eruption of

tooth 41 (Figure 14).

Figure 14 (A-E). Case 4 —final intraoral scan.

Digital Workflow: The Framework of the In-House Aligner Fabrication Technique

In the early, fully non-digital techniques for fabricating plastic aligners, plaster models were manually
manipulated and/or anatomical deformations were introduced directly into the aligner (such as
bubbles) using specialized pliers. This technique was extremely labor-intensive, limiting both the
amount of movement possible in a single model and the number of sub-setups. However, the
experience gained with this treatment approach enabled a natural evolution with the increased
accessibility and improvement of computational systems.

In the current concept, aligners can be fabricated either through direct printing, using special shape-
memory resins, or indirectly, by thermoforming polymeric laminates over physical models of sub-
setups printed in photosensitive resin, based on the staging of tooth movements in digital virtual

models (Figure 15).
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Figure 15. Model printed with photosensitive resin and thermoplastic laminated PETG polymer under

pressure.

Thus, the fabrication of in-house aligners necessarily follows a sequence of actions, most of which
are digital. In this series of articles, the process of fabricating aligners using the thermoforming
technique with polymeric laminates will be presented. The digital workflow will be divided into

seven stages, as shown in Figure 16, and detailed in the following tutorial articles.

2) Escolha da plataforma
Carregamento dos arquivos

5) Pés-processamento

Alinhadores in-house:
fluxo digital

6)Termoplastificagao /Acabamento

Figure 16. Digital workflow for in-house aligner fabrication.
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Stage 1: Intraoral scanning

For the fabrication of modern aligners, which use computer programs to perform orthodontic
movements, digital technology is essentially employed through virtual models (usually in “stl”
format) obtained via intraoral scanning. However, until just a few years ago, the technique was more
laborious and prone to errors, relying on conventional impressions with high-cost elastomers and a
technique-sensitive process. Subsequently, it was necessary to send the impressions by mail to the
aligner manufacturer for scanning of the physical impressions with desktop scanners.

With the increased accessibility and ease of acquiring intraoral scanners, as well as the possibility of
renting such equipment when needed, the use of intraoral scans has become more frequent in
orthodontists” daily practice. Intraoral scanners are devices used for the optical capture of the

morphology of the dental arches, collecting information on the shape and size of intraoral structures

(Figure 17).
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Figure 17. Intraoral scanning.
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Currently, orthodontic documentation centers can also provide outsourced scanning services.
Intraoral scanning is efficient, less stressful for the patient, and has good acceptance.

By projecting a beam or a grid of light onto the tooth surface, the device captures—through high-
resolution cameras—the distortion that the beam or grid undergoes when it hits these structures.
The data collected by the cameras are processed by powerful software that reconstructs the three-
dimensional model of the identified structures. The most modern devices can even capture the
coloration of the teeth and soft tissues.

In simplified terms, the formation of the three-dimensional image occurs through the generation of
a point cloud. Each of these points has coordinates according to its spatial location. The points are

joined in triangular geometry, forming a three-dimensional mesh (Figures 18B-D).

Figure 18 (A-D). 3D virtual model: A) solid model, B) triangle mesh in distant view, C) triangle mesh

in intermediate close-up, D) triangle mesh in close-up.

During scanning, numerous images are captured by the system, gathering information about the
distance between points. Naturally, images are generated to record the total volume of the object.
Finally, the images are transferred to a common coordinate reference system which, using

mathematical algorithms, aligns and constructs the object’s 3D model.
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The intraoral scanning system offers numerous practical advantages, such as the ease of sharing
digital models among different work teams and the ability to easily and effectively manipulate the
digital positioning of teeth, streamlining the aligner manufacturing process in a short amount of time.
In the past decade, several studies have reported the accuracy, reproducibility, and limitations of
intraoral scanning. However, with the technical development of equipment in recent years and the
emergence of new product generations, improvements in image capture speed, automatic cleaning
of unnecessary areas, and precision in the microdimensions of structures have become noticeable.
The trend is that, with each new generation of scanners, previous limitations will be corrected and
the technique will become easier for users.

The size of the scanner tip has always been a limiting factor for accessing certain areas of the mouth,
but manufacturers have been addressing this aspect. The inability to reach posterior regions often
makes it impossible to adequately record molars, and in pediatric orthodontics, discomfort in young
patients complicates digital handling. For example, the Emerald S model from the Finnish
manufacturer Planmeca features a significantly reduced tip size (SlimLine fit).

The possibility of automatic cropping (cleaning) of unnecessary soft tissue areas for orthodontic
model fabrication, offered by the scanner’s software, makes the clinician’s job easier, saving time
previously spent preparing models, as seen with the iTero system (Figure 19). Some manufacturers
provide scanner-integrated programs for post-processing, with useful tools for model manipulation,

such as those offered by 3Shape.

Figure 19 (A-B). A) Clean model e B) Raw model.

Certainly, the main limitation to using intraoral scanning in everyday orthodontics is the high initial

investment required to purchase the equipment, as well as the costs of maintenance, upgrades, and

165



insurance against physical damage. Considering the inevitable technological advances over the
years—and therefore the depreciation of the device due to technological obsolescence in a short
period—it is important to carefully evaluate the best way to access this technology: purchasing the
equipment, renting it, or outsourcing the procedure. In any case, not owning an intraoral scanner
does not prevent orthodontists from manufacturing their in-house aligners.
Clinical tips to improve the quality of intraoral scanning include:
1. Using dark-colored gloves, which prevents them from being detected by the light beam and
helps the software more effectively process the digital cleaning of hard and soft tissue images.
2. Maintaining a uniform and adequate distance between the scanner tip and the tooth surface,
generating a valid three-dimensional mesh and allowing faster capture by the system.
3. Using an air jet to completely dry the teeth, occlusal fossae, and interproximal spaces.
4. Checking for the presence of interdental “black spaces” caused by insufficient capture of the
region, due to difficulty in light penetration.
5. Exporting scanner models in solid format, allowing raw-shape printing for study or the

fabrication of retainers.

Stage 2: Choosing the Platform and Uploading Files

For outsourced aligners, after intraoral scanning, the “stl” files are automatically or manually
uploaded to the proprietary systems of the contracted companies, along with complementary files
(photographs and radiographs). Next, orthodontic movements are planned with the assistance of
technicians, and approval for aligner fabrication is given, ensuring that the orthodontist receives a
complete package with all aligners from the contracted series.

In the in-house aligner fabrication process, the essential and fundamental step is choosing the
software platform through which orthodontic movements will be planned. The current market offers
orthodontists various options, including systems that work essentially offline, without the need for
cloud access, and systems that are entirely dependent on real-time internet access. Evidently, both
options have advantages and disadvantages. As a general rule, services with higher costs tend to offer
more features and higher quality. The opposite is often a harsh reality. However, the cost—benefit
ratio must be evaluated on a case-by-case basis, and combining the use of different platforms seems
to be an interesting approach.

Currently, fully free staging platforms for orthodontic movement planning and staging, such as Blue

Sky Plan (www.blueskyplan.com), which only charge for the export of printable models, have
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limitations in movement control and low algorithmic reliability, even for low-complexity treatments.
Nevertheless, the possibility of 3D integration with computed tomography is a useful feature unique
to this offline platform. Because of its continuous action flow, from a pedagogical perspective, Blue
Sky Plan is an adequate tool for beginners to learn basic concepts about the in-office system.

The ArchForm platform (www.archform.com) is very appealing, constantly improving its tools, has no

acquisition fee for the software, and charges variable amounts per patient uploaded to the system,
depending on usage volume. Being intuitive, it is easy to handle and has a good algorithm for low-
and medium-complexity treatments, having gained a large user community. Notable strengths of this
platform include: real-time identification of the number of sub-setup stages required within the
parameters entered; the ability to prioritize movements; and flexibility in preparing models for
printing (hollow or not; with or without a base; vertical or horizontal printing, for example).
Complex platforms with advanced diagnostic (SureSmile Ortho by Dentsply-Sirona) and/or staging
features (SureSmile Ortho and Clear Aligner Studio by 3Shape) provide several additional tools and
well-tested algorithms. These are outstanding platforms, offering a variety of possibilities for case
management and customization. For advanced users, they appear to be the natural path for
investment. However, since access to these platforms involves an initial investment in acquiring a
usage license and, in some cases, paying per uploaded model (SureSmile Ortho) or even annual
system maintenance fees (Clear Aligner Studio), simpler platforms will serve beginners in the
technique well at first.

It should be remembered that all software platforms used for this purpose are constantly being
improved. Therefore, frequent updates are necessary to address reported shortcomings and meet
new market demands. One should not expect a platform to be entirely free or without maintenance
costs, as this would likely compromise treatment quality. A thorough market analysis in this constantly
changing scenario will always be a wise course of action. The number of cases treated monthly and
the quality of the software platform should guide the choice of which program to use. Having
technical knowledge and mastery of several platforms is a good strategy. Different cost structures for
model generation allow for balancing quality treatment with reasonable expenses.

In in-house aligner manufacturing platforms, virtual model files are uploaded, and in most of them,

it is also possible to upload photographs and radiographs (Figure 20).
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Figure 20. Uploading files in SureSmile..

Ideally, the models should be spatially oriented using the occlusal plane and the patient’s face as
references. It is recommended that the models be oriented so that the occlusal plane coincides with
its inclination on the lateral cephalometric radiograph (pitch control); the vertical position of the
incisors is referenced to the exposure of the upper lip; and the palatal raphe is aligned with the

midsagittal plane (yaw control) (Figure 21).
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Figure 21. Model orientation in Suresmile.

Thus, the bipupillary line serves as a reference for assessing the rotation of the models around the
anteroposterior axis (roll). The SureSmile Ortho platform performs the proper trimming of the models
and delivers them ready within approximately 48 hours, which is very convenient, albeit at a cost. For

other platforms, it is up to the orthodontist to manipulate the uploaded models within the system,
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carry out the spatial orientation, and perform the appropriate trimming (Figure 22A-B).

Figure 22 (A-B). Model orientation and trimming on ArchForm platform.

It is strongly recommended that digital trimming of the dental arch models be performed to conserve
printing resin. However, care must be taken to preserve a significant extension of gingival tissue,

ensuring an adequate area for the plastic to flow during the thermoforming stage (Figure 23).

Figure 23. Model with segmented teeth.

Once properly uploaded onto the platform, the teeth need to be individually segmented (Figure 23),
allowing each unit to be manipulated by the orthodontist in the subsequent stage. Generally, the
segmentation process in current platforms is reasonably reliable but requires some investment of

time to refine the contours suggested by the platform’s algorithm. In recent years, there has been a

169



significant improvement in the accurate identification of tooth contours by these systems, saving
professional time. Notably, the Dentisply-Sirona platform (SureSmile Ortho) delivers to orthodontists,
approximately 48 hours after file upload, oriented, trimmed, and segmented models—saving time
for the clinician and ensuring high-quality models. It is anticipated that in the near future, this step
of the file-loading stage will be less labor-intensive in other platforms that do not currently provide
pre-prepared models.

Upon completion of file upload, virtual orthodontic planning and tooth movement staging can begin.
Given the complex combination of: 1) movement types (isolated, synergistic, and antagonistic); 2)
various options for plastic laminates (thinner or thicker); 3) different plastic types (single layer versus
multilayer, PETG versus polyurethane, for example); and 4) numerous types of attachments, Stage 3

of the in-house aligner digital workflow (Figure 16) will be presented in Part 2 of this tutorial.
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B) Practical guide to in-house aligner fabrication- Part 2: Planning and Staging

Abstract

Orthodontic movements with in-house aligners entail specific details and nuances that distinguish
them from traditional multi-bracket orthodontic techniques. The orthodontist must acknowledge
these details to ensure greater predictability, efficacy, and efficiency in achieving desired outcomes.
This second part of the in-house aligners manufacturing tutorial presents insights on tooth-specific
movement requirements, anchorage control, movement hierarchy, unique aspects of plastic

mechanics, and attachment types.

Introduction

The in-house fabrication of clear aligners requires following a workflow, most of which is digital. As
presented in Part 1 of this tutorial series, after intraoral scanning, selection of staging software, and
file upload (Stage 1), orthodontic movement planning/staging should be performed (Stage 2), also
entirely digital, aiming to achieve the treatment objectives for malocclusion.

Some dental professionals still believe that tooth movements visualized on computer screens and
segmented into various stages within the software will occur identically in the clinical setting.
However, variables related to the plastic materials, the interactions of dynamic and complex tooth
movements, and the distinct ways aligners apply force systems to teeth result in the orthodontic
movement simulations not translating on a 1:1 ratio. Thus, the clinician’s anticipation of probable
clinical outcomes is essential.

Fundamental knowledge from classical orthodontic training—including diagnosis, orthodontic
biomechanics, biology of tooth movement, and occlusal biogenesis—remains mandatory in this
therapeutic modality. This knowledge also contributes to reducing the discrepancy between the
software simulation and the clinical reality.

The aim of this second part of the tutorial is to present basic aspects that must be considered when
planning in-house aligner treatments, regardless of the staging software used. Control over tooth
movements and the multiple interactions between movement directions on the same tooth and
within the dental arch as a whole must rest with the orthodontist. More sophisticated software may
facilitate the clinician’s work by incorporating advanced algorithms that anticipate potential problems
and suggest feasible solutions, but they should not replace the orthodontist’s overall responsibility

for treatment control.
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Recent Evidence on the Effectiveness of In-House Aligners in Orthodontic Movements

There is evidence that teeth respond to various force systems. Forces applied rationally will likely
generate the intended orthodontic movements. However, a dramatic paradox persists: after two
decades of evolution and refinement of plastic aligner fabrication techniques, including the advent
of direct printing of aligners with shape-memory resins, significant doubts and controversies remain
about their effectiveness in achieving orthodontic tooth movements. Much of the initial skepticism
arose from treatments performed by clinicians lacking expertise in the specific nuances of the
technique.

Being an experienced orthodontist with conventional techniques is important for the use of aligners,
but it is not sufficient to recognize the system’s limitations and know how to overcome them with
special maneuvers. This is especially true for in-house aligners, due to the less refined algorithms in
most software and the lower technology of plastic laminates used in the thermoplastic fabrication
technique. Nevertheless, data already indicate it is possible to plan and execute even complex
treatments with thermoplastic in-house aligners.

A recent prospective, controlled, randomized, single-center clinical trial included 36 patients (12 men
and 24 women, mean age 21.24 + 2.33 years), all with severe crowding requiring extraction of four
first premolars. Patients were equally and randomly divided into two groups: 1) in-house clear
aligners (AT) and 2) fixed appliances (AF). All measurements were performed on pre- and post-
treatment plaster models using Little’s Irregularity Index and the Peer Assessment Rating (PAR) index.
Both groups showed a significant reduction in Little’s index, with no differences between groups at
treatment completion. The mean PAR score reduction was 28.39 (+ 8.51) points for the AT group and
26.39 (+ 5.76) points for the AF group, without significant differences. All patients improved dental
occlusion; however, a great improvement was achieved in 88.9% of AT patients and 91.7% of AF
patients, with no statistically significant differences. The mean treatment duration was 23.27 (+ 5.28)
months for the AT group and 26.20 (+ 5.27) months for the AF group, again with no significant
difference. It was concluded that in-house clear aligners are as effective as fixed appliances in
achieving good occlusion in complex orthodontic cases when an adequate tooth movement protocol
is employed.

Currently, the concept is consolidated in the literature that much of the virtual tooth movement
programmed in the software will not occur in the complex biological system of dental arches?,.

Regardless of the fabrication process (outsourced or in-house), the average effectiveness of aligners
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is approximately 50%. Therefore, in any given set of aligners, not all programmed movements will
occur clinically, necessitating additional aligner series to approach 100% completion* .

In 2021, a prospective clinical study evaluated 30 patients (259 anterior teeth analyzed: 126 maxillary
and 133 mandibular) treated with in-house aligners using the 3Shape OrthoAnalyzer platform.
Clinical outcomes were significantly lower than virtual predictions for six tooth movement types
(buccal, lingual, mesiodistal, intrusion, extrusion, and rotation). The average efficacy of tooth
movement with clear aligners was 56.2%. Mesiodistal movement was the most accurate (72.3%),
while intrusion and extrusion were the least predictable, with intrusion being the least precise
movement (43.3%)°.

Studies on in-house aligners emphasize that mechanical control by the treating clinicians and
recognition of system capabilities and limitations are essential for treatment success?,’,2. What is
visualized on the computer screen is only a vector of force direction; the orthodontist’s persistent

refinement efforts will ultimately lead to excellent final results.

Types of Tooth Movements

For didactic purposes, tooth movements with aligners are classified as isolated, synergistic, and
antagonistic. Each type has distinct aspects and often requires different approaches. Synergistic
movements are highly predictable, while isolated movements require attachments to occur more
effectively. Antagonistic movements not only require attachments but must be hierarchized—i.e.,
performed sequentially and separately from the antagonistic movement in time.

This classification can also be extended to two levels in relation to adjacent teeth: individual tooth
and collective tooth movement. For illustration, an individual movement example is the rotation of
the upper left central incisor (Figure 1), which shows higher predictability when it receives only
rotational force (isolated movement) compared to when it simultaneously receives an extrusive force
(antagonistic to rotation) (Figure 2). The addition of attachments is essential to enable these

movements, as will be explained next.

174



Figure 1. Individual tooth rotational movement planned for the upper left central incisor using

SureSmile Ortho software.

Figure 2. Dental rotational and extrusion movements idealized for didactic purposes in the region of

the upper canines and incisors using SureSmile Ortho software. The absence of attachments makes

the clinical execution of these movements unfeasible.

On the other hand, rotational movement will likely occur more effectively if the incisor receives a
synergistic force (intrusive force) along with the rotational force, as this helps maintain the plastic
contact on the longer surfaces of the tooth. However, this is not always possible, as illustrated in
Figures 1 and 2, where the patient presented with an anterior open bite. Therefore, for the idealized

orthodontic movements to effectively take place, it is necessary to employ hierarchical strategies,
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including the creation of spaces to increase the surface area and plastic contact, as well as the

insertion of attachments (Figures 3 and 4), which will be discussed further in this tutorial.

Figure 3. Hierarchization of orthodontic movements. Occlusal view showing the initial creation of
spaces and insertion of attachments to enable the desired orthodontic movements to effectively

occur. SureSmile Ortho software.
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Figure 4. Hierarchization of orthodontic movements. Frontal view of several stages, showing the
initial creation of spaces and insertion of attachments to ensure the desired orthodontic movements

can effectively take place. SureSmile Ortho software.

At the collective tooth level, a maxillary right central incisor receiving an extrusive force (isolated
tooth movement) (Figure 5) will exhibit different movement efficacy depending on whether the
adjacent teeth receive no force, antagonistic loads (extrusion), or synergistic loads (intrusion).
Intrusive movements of the right lateral incisor and the left central incisor, if indicated, would
potentially enhance the extrusion of the right central incisor (synergistic forces applied to the
extrusive movement). Conversely, extrusive movements of these two adjacent teeth to the
misaligned right central incisor would negatively impact the planned extrusion movement

(antagonistic forces).

Figure 5. Extrusive force on the upper right central incisor (isolated movement) using ArchForm
software. Note the insertion of attachments on the incisor to be extruded and on the molars for

aligner stability and increased patient comfort.

Anchorage unit and prioritization of movements
Considering the previously presented concept about the type of movement each tooth is receiving
individually or collectively, avoiding antagonistic forces should be a goal in treatment planning with

aligners. Maintaining a significant number of teeth without any movement at a given stage of
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treatment is an interesting strategy, preventing multidirectional forces that are difficult to control
spatially.

Some software platforms allow “freezing” movements of selected teeth, while others do not. The
most important thing is that the professional keeps in mind what is intended to be achieved at each
stage of the movements, remembering that prioritization of positional changes is necessary to
achieve good predictability.

Using prioritization means giving precedence to movements that, if performed chronologically before
others, will make the therapy progression more predictable, effective, and efficient. For example: if
correction of rotation and extrusion of maxillary incisors is desired, spaces between interproximal
surfaces should first be opened, eliminating collisions that would interfere with the desired
movements. Next, with the plastic covering the interproximal surfaces, rotation correction is
performed without the antagonistic force of extrusion, which would reduce friction and tracking of
the plastic over the attachments on the incisors. Finally, at the third hierarchical level, the planned
extrusion is performed, complemented by any remaining space closure if necessary (Figures 3 and
4).

Figure 6 illustrates the prioritization of orthodontic movements in a treatment aimed at aligning the
maxillary incisors with a slight reduction of dental protrusion. Interproximal reductions of the
maxillary and mandibular incisors were planned to allow their retraction. However, to increase the
efficiency of the movements and the quality of the interproximal reductions, the system initially
created interdental spaces through expansion and projection movements. Retraction and space

closure occurred in a second stage.
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Figure 6. Hierarchization of orthodontic movements using SureSmile Ortho software aiming at dental

alignment and some reduction of incisor protrusion. The system initially generated interdental spaces

to allow plastic insertion on the interproximal surfaces.

Thus, the orthodontist must keep in mind the sequence and the best timing to perform dental
movements, and which movements can be carried out together or separately. Additionally, they
should be aware that some movements require overcorrection and that some must be done more
slowly due to the difficulty in executing them7,8.

Furthermore, the use of auxiliary anchorage, through intermaxillary elastics or even skeletal

anchorage devices, is part of the orthodontist's tools.

Use of intermaxillary elastics

The use of elastics for sagittal control (Class Il and Class Il elastics), or even vertical force elastics,
should be an accessory instrument in the clinical arsenal when planning treatments with in-house
aligners. Similarly to the use of this type of force in conventional orthodontics with fixed appliances,

elastics provide multidirectional loads that can cause side effects, often compromising treatment
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efficiency. It is up to the orthodontist to anticipate such adverse effects and employ maneuvers to
minimize or avoid negative outcomes.

Elastics combined with the use of aligners can be attached to buttons bonded to the teeth, placed in
cutouts made in the aligners, or even buttons bonded directly on the aligners (Figure 7). Using
buttons bonded on the aligners favors the predictability of force application without damaging the
contour of the aligners, but it is costly and impractical for daily office use. Cutting niches for inserting
elastics directly in the aligners is practical but carries the risk of creating sharp edges that can injure
the mucosa. Experience will guide the professional to the ideal direction for inserting these cutouts,
using specialized pliers to avoid mucosal injuries or shallow grooves in the plastic that could lead to
unwanted displacement of the elastics.

Using buttons bonded directly to the teeth presents several problems, such as accidental detachment

of the button, esthetic discomfort, plague accumulation, and, mainly, the application of undesirable

forces directly on a tooth, resulting in uncontrolled and improper movements.

Figure 7 (A-D). Suggested positioning of cutouts for buttons bonded to teeth and elastics directly on
aligners, using SureSmile Ortho software for the application of Class Ill intermaxillary elastics. A) Use

of button and cutouts; B) Use of cutouts; C) Use of robust buttons; D) Use of small buttons.
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It is recommended to carefully evaluate whether the use of buttons bonded directly to the teeth for
Class Il and Class Ill elastics is truly unavoidable, and to consider incorporating preventive
biomechanical control measures.

In the case of Class Il elastics, if the decision is made to bond buttons directly to the teeth, it is
suggested to use small accessories that allow the placement of robust attachments, as illustrated in
Figure 7D, in contrast to Figure 7C.

For Class Il elastics, ideally, cutouts directly on the aligners should be used (Figure 8A). With buttons
bonded on the first permanent lower molars (Figure 8B), the insertion of robust attachments should
be planned, for example, on both the first and second permanent molars to help control rotational
inclination (crown tip forward).

Additionally, it is recommended to incorporate preventive counter-rotation of the crowns of the first

permanent lower molars used as anchorage (crown tip back with 5 degrees) (Figure 8C).

Figure 8 (A-C). Use of buttons and cutouts made directly on the aligners for the application of
intermaxillary elastics to correct Class Il malocclusion. A) Use of cutouts; B) Use of cutouts and
buttons bonded to the first permanent lower molars; C) Use of cutouts and buttons bonded to the
first permanent lower molars combined with the incorporation of a preventive counter-rotation of

their crowns.
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On the other hand, the use of vertical intermaxillary elastics, inserted into buttons bonded directly
to the posterior teeth, without the simultaneous use of aligners, in pursuit of rapid vertical
interlocking, as a hybrid technique alongside the use of in-house aligners, is a good strategy (Figure
9). This accelerates extrusion movements, which are often difficult to achieve in molars and

premolars. Obviously, extreme caution and vigilant control must be exercised when applying free

elastic forces.

.~

Figure 9 (A-B). Use of buttons bonded to teeth for the application of intermaxillary elastics, without
the support of aligners, aiming at accelerated posterior bite closure. Special caution must be taken
with this mechanics due to the limited mechanical control. Frequent short-interval follow-ups are

strongly recommended.

Mechanics of the Plastic

While metal wires, attached to brackets, exert their orthodontic effect by traction (pulling the teeth),
plastic aligners exert their effect by pressure on the dental surfaces and bonded attachments (pushing
the teeth). This concept must be kept in mind by the orthodontist during the planning of the
movements. The greater the support for the application of pressure by the plastic, the more
predictable and efficient the planned treatment will be.

Thus, the bonding of attachments to the teeth is indispensable within the current aligner treatment
system. Extrusions, torque control, and rotational movements demand a combination of anchorage
systems with attachments and elastics. Figure 10 illustrates a partial treatment after 39 sets of in-

house aligners, combining these principles.
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Figure 10. Treatment planning with in-house aligners using the SureSmile Ortho software for a

complex malocclusion. Use of intermaxillary elastics and attachments to achieve clinical results as

close as possible to the virtual plan.

Another aspect that must be carefully analyzed by the orthodontist is the presence of occlusal and
interproximal tooth collisions throughout the course of therapy. Different software programs present
this information in distinct ways. It is the operator’s responsibility to become familiar with the tools
of each system. However, it is clear that these digital analysis and planning tools are valuable
advancements of this new era of Orthodontics.

The following figures illustrate the presence and magnitude of occlusal and interproximal collisions
using the SureSmile Ortho platform (Figure 11) and ArchForm (Figure 12). The amount of
interproximal reduction, when indicated, and the stage at which such reductions should be

performed are also indicated by the software.
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Figure 11. Interproximal contacts and occlusal collisions identified in a digital treatment plan using

SureSmile Ortho software.

Figure 12. Interproximal contacts and occlusal collisions identified in a digital treatment plan using

ArchForm software.
The lower the friction from interproximal collisions, the more predictable and efficient the result will

be. Thus, ideally, as previously mentioned, for the clinical realization of certain orthodontic

movements, the digital system needs to create interproximal spaces so that the plastic can partially
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penetrate between the teeth and “embrace” them, exerting the appropriate force. This is particularly
common in the control of rotations, extrusions, and distalizations.

The sequential distalization of posterior maxillary teeth, in cases of Class Il dental relationships — a
movement widely used in treatments with plastic aligners — employs this principle. Through
reciprocal accessory anchorage force using Class Il elastics, the aligners progressively and individually
distalize the posterior teeth up to a certain percentage of the complete movement. This allows the

plastic to penetrate the interproximal spaces during much of the distalization mechanics, thus

maintaining and reinforcing anchorage while the distalization of all teeth is completed (Figure 13).

Figure 13. Sequential distalization planned using SureSmile Ortho software. Note the creation of

interproximal spaces to reinforce anchorage. Also observe the need for associated Class Il elastics.

Figure 13 shows a patient treated with the principle of sequential distalization for the correction of a
Class Il dental relationship. Initially treated with fixed appliances, after the extraction of the first
premolars, the patient had his brackets removed during the period he studied abroad, before the
completion of his treatment. Upon returning, it was decided to use in-house aligners combined with
Class Il elastics for the distalization of molars, premolars, and canines, as well as retraction of the
incisors. Figure 13 presents only six stages of the treatment, which had a total of 28 stages. Note the
sequential distalization, with opening of spaces to allow plastic penetration on the interproximal
surfaces, generating anchorage for the distalization of canines and subsequent retraction of the

incisors.

Insertion of attachments
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Attachments are photoactivated composite resin devices, tooth-colored to match the patient’s
dentition, made on the dental enamel and bonded to the tooth surface through a combination of
composite resin and adhesive system. Usually, the vestibular surface of the teeth is used, due to
easier bonding and because the insertion/removal axis of the aligner is easier for the patient (Figures
7, 8,and 10).

During aligner therapy, some tooth movements simply will not occur if attachments are not inserted
or if they have been planned with inadequate size and shape. Initially, it was believed that only the
aligner would be able to generate the necessary movement for tooth correction without the use of
an auxiliary accessory. However, clinical experience and scientific studies have shown that the
incorporation of attachments into plastic aligners favors the idealized movement for tooth correction,
optimizing, assisting, and directing the applied force.

As an example of an orthodontic movement that will not occur without the addition of attachments,
dental extrusion is cited. It depends entirely on sufficient support (Figures 5 and 10). For other
movements, such as correction of mesiodistal angulation, two attachments may be necessary (as
illustrated on tooth 21 in Figure 14) to favor correction.

Figure 15 presents four types of isolated movements that are included in the planning of in-house
aligner treatments, with a suggested attachment format for each. The decision to insert or not, and
the choice of attachment shape and size, is exclusively the responsibility of the professional
conducting the therapy, and this tutorial does not aim to define a specific protocol.

Once the attachments are inserted and the STL files with various sub-setup stages are generated, the
orthodontist can print the models to be used for thermoforming the aligners or send them to a third-

party company for printing. Such details will be presented in part 3 of this tutorial.

186



Figure 14. “Slice”-shaped attachments positioned on a maxillary central incisor to correct mesiodistal
angulation, using ArchForm software. Note the use of attachments on the first permanent molars to

enhance aligner stability and patient comfort.
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Fig 15. Suggested positioning and shapes of attachments for achieving mesiodistal inclination,

torgue, rotation, and dental extrusion, using ArchForm software.
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D) Practical guide to in-house aligner fabrication- Part 3: model printing, post-
processing, thermoplasticisation, finishing and clinical management

Abstract

Once the orthodontic movements have been virtually planned using appropriate digital platforms
and several sub-setup models have been exported, the laboratory phase can fabricate the aligners.
Beginning with models being printed with photosensitive resin using 3D printing technology, they are
next subject to washing and post-curing steps. Plastic aligners are then prepared using a range of
thermoplastic polymer laminate choices. After this, aligners are meticulously trimmed, refined,
sterilized, and packed into the branded recipients. Part 3 of the tutorial will focus on the practical

concepts involved in the in-house production of aligners.

Introduction

For the fabrication of in-house aligners, following the digital procedures described in the two previous
articles referring to Stage 1 (intraoral scanning), Stage 2 (selection of the staging software and file
uploading)?, and Stage 3 (planning/staging of orthodontic movements)?, we now proceed to the
laboratory and clinical stages, which will be presented in Part 3 of this tutorial series. The aim of the
present article is to describe Stage 4, in which the models are printed; Stage 5, which involves the
post-processing of the models; Stage 6, related to the thermoforming of polymeric laminates and the

finishing of the aligners; and Stage 7, when the aligners are finally ready to be delivered to patients.

Stage 4: Model printing

In recent years, orthodontics has undergone a significant transformation with the incorporation of
3D printing technology for the production of orthodontic models, whether for diagnostic purposes
or for the fabrication of in-house aligners. This innovation has offered numerous advantages to
orthodontists, including the possibility of eliminating impression materials and dental plaster in
clinical settings, better use of office space, integration with diagnostic and treatment planning
software, and, most importantly, greater accuracy in producing sequential dental arch models that
allow the fabrication of orthodontic aligners. However, not all 3D printers used in orthodontics are
alike. Understanding the differences between various types of equipment—especially those
specifically developed for orthodontic applications and those not originally intended for orthodontics

but still suitable—is crucial for guiding orthodontists’” investment decisions and ensuring maximum
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benefit from this technology. Part 3 of this tutorial will highlight the main differences, in terms of

technology and cost, between the types of 3D printers that are useful to orthodontists.

3D printing technologies used in orthodontics

Currently, two main types of 3D printing technologies are employed in orthodontics for model
fabrication: FDM (Fused Deposition Modeling) and photopolymer resin technology. FDM technology
is recognized for its cost-effective approach, as it uses plastic filaments (e.g., PLA, PETG, ABS,
polycarbonate) melted by the printer’s heated extrusion system to create objects through successive
layer deposition. Advantages include relatively low initial and operational costs, as well as the absence
of demanding or labor-intensive post-printing processes. However, disadvantages of FDM include
long printing times, limitations on the number of models that can be produced simultaneously, and
generally lower resolution compared with resin-based printers, which may affect model accuracy for
in-house aligner production. Nevertheless, FDM printers are highly useful for the fabrication of

diagnostic and planning models (Figure 1).

Figure 1 (A-D). Filament printer: A) Printing in progress. B) Site localization for skeletal anchorage

insertion. C) Study model. D) Identification of dental ectopias.
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Conversely, photopolymer resin—based technology is highly recommended for the fabrication of
aligners due to its ability to produce models with high resolution (Figure 2) and high printing speed.
This technology employs liquid, photosensitive resins that are cured layer by layer through exposure

to various light sources, thereby generating the 3D-printed object (Figure 3).
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Figure 2. Models printed with 405 nm photosensitive resin at high resolution.
Figure 3. MSLA/LCD Elegoo Saturn printer with a tank filled with 405 nm photosensitive resin and a

printing platform with models already printed.

Its main advantages include the ability to produce highly detailed models and a rapid manufacturing
process. However, photopolymer resin—based technology presents notable drawbacks, including
higher costs for both printer acquisition and the resin itself. In addition, the requirement for a
complex post-processing phase—comprising removal of unpolymerized resin and final curing of the
printed objects—Ilimits its adoption by many orthodontists due to the time investment required and
the biological risks associated with handling such materials (Figure 4).

Figure 4. Finger injury caused by direct
contact with 3D printing resin without the

proper use of rubber gloves.

Orthodontic Resin 3D Printers
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Resin-based 3D printers specifically designed for orthodontic applications offer numerous
advantages, including partial automation of processes and dedicated technical support (Figure 5).
Equipped with features optimized for the production of aligners and other laboratory-fabricated
dental appliances, these systems aim to provide maximum precision and operational convenience.
They employ either stereolithography apparatus (SLA), in which a focused laser beam cures the resin
layer by layer (e.g., Formlabs, Somerville, MA, USA), or digital light processing (DLP), which projects
a visible light image onto a vat of photosensitive resin (e.g., SprintRay Pro, Los Angeles, CA, USA, using
high-power LEDs).

Key features include:

e Precision: High-resolution output with ultra-thin print layers ensures a professional finish and
accurate fit of aligners to the patient’s dentition.

e Biocompatible resins: Most systems operate with proprietary resins, often FDA-approved for
intraoral use. Their photosensitivity is calibrated to the printer’s optics, and they are typically
supplied in sealed cartridges, minimizing manual handling, reducing occupational exposure,
and ensuring patient safety.

e Advanced software: Integrated software platforms streamline the workflow and, in some
models, enable customization of aligner fabrication. Certain units automate specific steps,
saving time, reducing resin contact, and lowering the risk of error.

e Speed and efficiency: Professional-grade units are optimized for rapid production, making

them suitable for high-volume orthodontic practices.
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Figure 5 (A-B). Orthodontic 3D printer Formlabs 4P: A) Sealed resin cartridge. B) Automation of the

printing process and unloading of already printed models.

Non-Orthodontic Resin 3D Printers (MSLA/LCD)

Non-orthodontic 3D resin printers are general-purpose devices originally designed for a wide range
of applications, including jewelry manufacturing, hobbyist use, and general prototyping. In
orthodontics, they can be effectively repurposed for aligner production. These systems typically
employ masked stereolithography apparatus (MSLA) or liquid crystal display (LCD) technology, in
which ultraviolet light is selectively filtered to cure each two-dimensional layer of the print (Figure 6).
Although generally more affordable to purchase and operate, they present certain limitations
compared with specialized orthodontic printers.

e Precision: While their accuracy is slightly lower than that of dedicated orthodontic printers,
advances in non-orthodontic technology have substantially narrowed the resolution gap with
each new generation. Current models can achieve sufficient precision for the fabrication of
high-quality in-house aligners.

e Resin biocompatibility: These printers may not support FDA-approved dental resins, which
could pose risks to operators and patients if proper handling protocols are not strictly

followed.
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e Software limitations: Bundled software is designed primarily for basic machine operation and
does not enable direct creation of dental models. As outlined in Part 2 of this tutorial, external
software platforms must be employed for orthodontic applications.

e Speed and efficiency: With appropriate configuration, non-professional printers can achieve
print speeds comparable to specialized orthodontic models. Later in this tutorial, we discuss

resolution adjustments—within clinically insignificant limits—that can further optimize

production efficiency.

Figure 6. MSLA/LCD Saturn “S” printer in its original

factory condition.

Acquisition and Maintenance Costs of 3D Printers

Investing in a resin-based 3D printer specifically designed for orthodontics involves a substantial initial
financial outlay, as well as ongoing operational expenses related to maintenance and the
consumption of materials. These printers are manufactured with advanced technical specifications
and specialized materials, which make them more costly than their generic, non-orthodontic
equivalents. However, when high precision, maximum efficiency (with minimal print failure rates),

reliable technical support, and operational safety are essential, such an investment becomes

justifiable.
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Conversely, non-orthodontic resin 3D printers are considerably more affordable from the outset,
making them an attractive alternative for professionals working with limited budgets. Their
operational and maintenance costs are generally low, but certain hidden costs must be taken into
account. Components such as LCD screens and the plastic film forming the base of the resin tank
have a relatively short service life, requiring frequent replacement (Figure 7). For example, while the
lighting system of a DLP printer is typically designed for approximately 20,000 hours of operation, a
non-orthodontic MSLA/LCD printer (commonly referred to simply as MSLA) may not exceed 2,000
hours of optimal performance.

Additionally, the absence of direct technical support from MSLA printer manufacturers should be
carefully considered by orthodontists intending to implement in-house aligner production.
Furthermore, potential risks associated with handling generic resins should be clearly communicated

to professionals and minimized through strict adherence to safety protocols and preventive

measures.

Figure 7 (A-B). M MSLA/LCD printer maintenance: A) Motherboard replacement. B) LCD

replacement.

Technology of Non-Orthodontic 3D Printers
Although DLP-based non-orthodontic printers have recently appeared on the market, the most

commonly employed 3D printing method in this category remains MSLA technology, using 405 nm
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photosensitive resin. This system has attracted considerable attention in the orthodontic field for in-
house aligner fabrication due to its simplified, low-cost approach, offering several advantages over
traditional SLA and DLP methods. In this tutorial, MSLA technology will be emphasized, highlighting
its benefits and limitations. MSLA 3D printing shares similarities with SLA and DLP, but differs in
several important operational aspects.

Light Source: In MSLA, a UV light source is projected through an LCD screen containing millions of
tiny pixels. Each pixel can be individually activated or deactivated, allowing precise control over the
curing process of the hundreds of 2D layers that form a volumetric model of a dental arch.
Photosensitive Resin: Similar to other resin-based 3D printing methods, MSLA uses a 405 nm
photosensitive resin. This resin hardens when exposed to UV light, although its photosensitivity varies
across different brands. It is therefore recommended to test each resin before initiating production
to avoid material waste and, importantly, prevent errors or frustrations. The lifespan of the LCD
screen also affects resin curing. The combination of printer quality, LCD lifespan, and resin
photosensitivity determines the optimal printing parameters, which will be described below.
Layer-by-Layer Construction: The model is built incrementally, layer by layer, with each layer exposed
to UV light through the LCD screen. The LCD acts as a mask, selectively allowing UV light to cure the

resin in designated areas, progressively constructing a volumetric 3D model.

Advantages of MSLA Technology Compared to DLP and SLA

Speed: Depending on the printer and print configuration selected by the operator, MSLA is generally
faster than SLA and DLP. Because an entire layer—including all models—is exposed to UV light
simultaneously, there is no need for a moving laser or projector, reducing overall printing time. Some
modern DLP printers now feature static components, matching the speed of MSLA printers.
Resolution: MSLA can achieve levels of detail and accuracy comparable to SLA and DLP. The use of
4K, 6K, 8K, and, more recently, 12K LCD screens ensures excellent resolution, precise control of
millions of pixels, and high print quality.

Cost-efficiency: MSLA printers are more affordable than SLA or DLP machines. The use of an LCD
screen, which is less expensive than a DLP projector or laser, contributes significantly to cost savings.
Durability: LCD screens have a shorter lifespan compared to DLP and SLA projectors, making MSLA

printers more prone to maintenance over time due to component wear.
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Ease of Use: MSLA printers are user-friendly for daily operations. Maintenance of LCD screens and
FEP films in the resin tanks can be performed directly by the clinician or a technical assistant without

major complications. MSLA printers are suitable for both novice and experienced users.

Disadvantages of MSLA Technology
Despite its advantages, it is important to recognize the limitations of MSLA technology:
Layer Lines: MISLA printing may produce visible layer lines on the printed object. This aspect does not

significantly affect in-house aligner fabrication and can be minimized, if necessary, by adjusting the

print layer thickness settings (Figure 8).

Figura 8 (A-C). Incremental printing lines: A) Marks on the printed model from the incremental layers
left by the 0.05 mm resolution. B-C) Marks left on the aligner after thermoforming the laminates over

models with incremental printing lines.

Material Compatibility: MSLA printers are generally limited to using specific types of resins
formulated for UV light curing via LCD screens. This may restrict material options compared to
professional orthodontic printers.

Resin Exposure: Handling photosensitive resin can be hazardous and requires strict precautions by
both the clinician and the supporting team. Users must wear appropriate personal protective
equipment (PPE).

Resin Odor: 3D printing with petrochemical-based resins emits unpleasant odors during the curing
process, necessitating well-ventilated areas for operation. The use of suitable masks is
recommended. Newly developed vegetable-oil-based resins present fewer issues related to odor

(Figure 9).
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Figure 9. Use of PPE for the proper handling of 3D resins.

Steps to Achieve High-Quality Printing

Efficiency in 3D resin printing is crucial to obtain high-quality results while minimizing the waste of
time and materials. To maximize efficiency, 3D models should be carefully digitally trimmed to
remove unnecessary regions. Hollowing the models reduces material consumption while maintaining
structural integrity. Balancing wall thickness with internal infill ensures faster printing and cost savings

(Figure 10).

!

Figure 10 (A-D). Resin models: A) Solid model. B) Hollow model with 2 mm wall. C) Hollow model

with 1 mm wall. D) Hollow model with 1 mm wall and hexagonal infill.

Additionally, it is recommended to apply a rational orientation of the models when arranging them
on the printing platform (Figure 11). Position multiple models strategically on the platform, ensuring
they do not interfere with each other during printing, while maximizing the efficiency of the process
and preserving the printer’s lifespan. Implementing these technical strategies in 3D resin printing

optimizes workflow, saving both time and material resources.
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Figure 11. Model arrangement on the virtual printing platform using the Chitubox software.

Resins for 3D Printing

The 3D photosensitive resins with a 405 nm wavelength available in the Brazilian market, commonly
used in MSLA printers, exhibit variations in composition and material properties. The exact
formulation varies between manufacturers and resin types and is considered proprietary; however,
the main components generally include:

Monomers: Photosensitive resins contain liqguid monomers that are UV-sensitive. Upon exposure to
light, these monomers polymerize, forming long chains that create a solid matrix.

Photoinitiators: Photoinitiators are chemical compounds that trigger the polymerization of
monomers when exposed to light. They absorb the light energy and transfer it to the monomers,
initiating the curing reaction.

Oxygen inhibitors: Photosensitive resins often contain oxygen inhibitors to prevent undesired
polymerization during storage. Oxygen can act as a polymerization inhibitor, and these compounds
help ensure the resin remains stable before printing.

Additives: Depending on the specific application, additives may be included to impart desired
properties to the resin, such as hardness, flexibility, chemical resistance, transparency, or color.
Pigments or dyes: Pigments or dyes are added to provide color to the resin, facilitating better
visualization of dental details in printed models.

Stabilizers and modifiers: Additional additives may be included to stabilize the resin, improve

adhesion to the print platform, and adjust mechanical or chemical properties.
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While conventional, petrochemical-based resins are still widely used, plant-based resins are emerging
as a noteworthy alternative. Derived from renewable sources such as soybean oil, these resins offer
several advantages. First, they tend to be more environmentally friendly, reducing the carbon
footprint associated with production. Second, they often emit fewer volatile organic compounds,
creating a safer and more comfortable working environment for orthodontic professionals.
Additionally, these resins may exhibit biocompatible properties, minimizing the risk of allergic
reactions or irritation when used in dental applications. As environmental awareness increases, the
demand for plant-based and eco-friendly resins is expected to grow, driving further innovation and
development in the field. This evolution is likely to result in safer, more efficient, and sustainable 3D

printing processes for orthodontics, benefiting both professionals and patients.

Digital Preparation of Models for MSLA 3D Resin Printing

As previously discussed, the workflow for obtaining a printed model involves several digital steps,
including slicing the virtual model, exporting files, and configuring the printer. The following five steps
describe the process for producing printed models from the digital export of the subsetups containing

the orthodontic movements, as detailed in Part 2 of this tutorial (Stage 3).

Step 1: Slicing the Virtual Model

Software selection: Begin by choosing a slicing software compatible with the MSLA printer, such as
Chitubox or proprietary software provided with the printer (Figure 12).

Model importation: Open the slicing software and import the 3D model files to be printed. Ensure

that the models are correctly positioned within the virtual build area of the printing platform.
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Figura 12 (A-F). Digital slicing of 3D models using the Chitubox software.

Initial Settings: Configure the printer dimensions and model within the slicing software, ensuring that

the software generates a print-ready file compatible with the specific 3D printer (Figure 13).
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Step 2: Slicing Settings
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Quality versus speed: Adjust the slicing settings according to your priorities. The print can be
optimized for high quality or faster production. High-quality settings increase printing time, whereas
faster settings may compromise some fine details.

Layer thickness: Select the desired layer height. Thinner layers generally yield higher resolution but
increase the total printing time.

Exposure per layer: Set the exposure time for each layer, determining how long the UV light is applied.
Proper adjustment ensures adequate curing of the resin. These settings directly influence layer
adhesion, final model hardness, and overall print quality.

Number of base layers: Depending on the model morphology, the lifespan of the printer’s LCD screen,
and the photopolymer resin used, a higher or lower number of initial base layers may be required.
Follow the resin manufacturer’s recommendations and perform initial tests with your printer to
determine the minimum number of base layers necessary. Base layers require longer UV exposure
and significantly affect both total print duration and printer lifespan. Reducing the number of base

layers increases process efficiency.

Step 3: Export and Preview

Generate the print file: Once all slicing options are configured, generate the print file (typically in the
proprietary format required by each printer) and save it in an accessible location.
Preview: Prior to printing, use the preview function to examine all virtual layers of the model and
ensure that everything appears correct. Proper adhesion of the initial layers to the build platform is

critical for a successful print. This step helps identify potential issues before initiating the print (Figure

14).
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Figure 14 (A-B). Base layers: A) Digital models arranged on the virtual platform using Chitubox
software. Note that the base layer is symmetrically supported in the upper part of the image, favoring
model retention at the beginning of the printing process. In the lower part, the model is
asymmetrically supported, leading to printing failure. B) Printing failure due to improper positioning

of the models on the base layers.

Step 4: Printer Adjustments

Printer setup: Ensure that your MSLA printer is properly configured, connected to a reliable power
source (preferably through an uninterruptible power supply), filled with the appropriate resin level,
and placed in an environment with ambient temperature between 20°C and 30°C. Verify that the Z-
axis of the build platform is correctly leveled and that the workspace is clean, ventilated, and free of
dust.

Loading the file: Transfer the print file generated by the slicing software to the printer using a

compatible method, such as USB, wired network, Wi-Fi, or another supported connection.

Step 5: Starting the Print
Initiating the print: Once all configurations have been verified and the printer is ready, start the print.
The MSLA printer will construct the model layer by layer, accurately curing the resin to produce a

precise 3D object.

Stage 5: Post-Processing

Post-processing of 3D resin models using MSLA technology

Freshly printed models require a careful post-processing workflow to achieve strong, durable
structures that are safe for handling by both the professional team and patients.
Because the materials used are potentially toxic, always use appropriate personal protective
equipment (PPE) before beginning the cleaning process, including rubber gloves, a vapor filtration
mask or equivalent, and safety goggles. Begin by allowing excess resin to drain back into the resin
tank. Although often overlooked, this step is essential to avoid material waste and prevent
contamination of cleaning tanks with excess resin. Carefully remove the build platform and place it

on a dedicated oblique support to allow proper drainage (Figure 15).
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Figure 15. Draining excess resin after printing.

Care must be taken to avoid damaging the delicate LCD screen or other printer components. During
this process, any drips of excess resin should be carefully removed, ensuring that the build platform
does not come into contact with the bottom of the resin tank or the LCD. Using a plastic scraper,
gently remove any remaining uncured resin without scratching or damaging the surface.

After visible excess resin has drained, immerse the build platform, still with the models attached, in a
high-concentration alcohol bath, typically 90% or higher. Gently agitate the platform to remove resin
adhered to the model surfaces, using a soft brush to assist with cleaning the retentive areas. Leave
the platform in the bath for a few minutes—typically two to three minutes are sufficient for gross
removal of excess resin. Repeat this step in a second fresh high-concentration alcohol bath for an
additional two to three minutes.

Finally, place the metal build platform, with the resin models still attached, into a mechanical agitation
cleaning device (e.g., Anycubic Wash & Cure, Elegoo Mercury Plus, Creality UW-01, Prusa CW1)
containing isopropyl alcohol, and agitate for 15 minutes (Figure 16). This procedure ensures that the
models are completely free of excess resin on all external surfaces.

Figure 16 (A-D). Sequential washing of models: A)
Initial manual bath in ethyl alcohol for coarse
removal of excess resin. B) Second manual bath in
ethyl alcohol to continue resin removal. C-D) Bath

under mechanical agitation in isopropyl alcohol.
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After removing the platform from the isopropyl alcohol bath, rinse it under running water and dry it
using a lint-free cloth or allow it to air dry, ensuring that no water spots or residues remain. With the
build platform clean, it is time to detach the 3D-printed orthodontic models from the platform.

To facilitate removal of models that are strongly adhered, gently heat the top side of the platform
(the side opposite the models) using a hairdryer set to warm air. This approach aids in detaching the

models without causing deformation or compromising the leveling of the build platform (Figure 17).

Figure 17. Use of a hair dryer in heated mode to
facilitate the removal of resin models from the

printing platform.

Carefully remove the models from the build platform using a plastic scraper or an appropriate sharp
metal spatula. Take care to avoid damaging the models or the platform itself. Allow the models to air
dry or use a UV light chamber to fully solidify them.

UV curing of the models, preferably using a rotary system, is critical. This approach ensures consistent
and uniform exposure to the light source, preventing any areas from being insufficiently cured. A
complete post-processing workflow results in models that are not only durable but also less prone to
degradation or the release of uncured resin components when used in clinical applications.

UV light chambers designed specifically for this purpose are widely available in the market and enable
effective post-processing of orthodontic models. Manufacturers such as Anycubic, Elegoo, Prusa,
Creality, and Peopoly offer professional-grade options at relatively low cost. For beginners, low-
volume production, or limited workspace, hobbyist UV chambers are also available and suitable for

post-curing purposes (Figure 18).
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Figure 18 (A-C). UV light post-processing: A) Professional rotary light chamber. B) Professional

mirrored light chamber. C) Low-cost amateur UV light chamber.

Following these steps, the orthodontist will be well-prepared to obtain high-quality models using an
MSLA printer, adjusting the slicing software settings and generating printer-compatible files to meet
requirements for quality, speed, and efficiency without distortions. It is important to emphasize that
following the printer and resin manufacturers’ guidelines is essential to achieve reproducible and

superior-quality results.

Stage 6: Thermoforming and Finishing

Thermoforming of plastic sheets for in-house aligner fabrication

Understanding the properties of different polymers and the mechanics of thermoforming plastic
sheets allows orthodontists to produce aligners that meet the highest standards of quality and
patient satisfaction.

Various polymers can be used in the fabrication of sheets for orthodontic aligners. Thermoplastic
polymers are a class of materials capable of softening and melting when heated. When subjected to
vacuum or pressure over printed models, a transparent plastic aligner is obtained (Figure 19).

Commonly used polymers include polyester, polyurethane or copolyester, polypropylene,
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polycarbonate, ethylene-vinyl acetate (EVA), and polyvinyl chloride (PVC), either individually or in
combination, for the production of orthodontic aligners®,*.

With technological evolution in aligner fabrication, materials have progressed from single-layer
plastics to the latest generation of commercially available multi-layer materials, which combine soft
and hard layers. The soft layer of the aligner contributes to elastic deformation properties, while the
hard layer ensures durability and structural robustness. For dental movement, stress distribution
through the periodontal ligament and the application of mechanical load to the alveolar bone is more
favorable with multi-layer transparent aligners than with single-layer aligners. This is particularly true
in cases where the ratio of soft to hard layer exceeds 50%. Additionally, multi-layer transparent
aligners exhibit fewer side effects compared to single-layer aligners®.

Polyethylene terephthalate glycol (PETG), an amorphous non-crystalline copolymer derived from PET,
is widely used for transparent aligners. PETG is preferred mainly for its excellent mechanical and
optical properties. It exhibits exceptional clarity, favorable thermoforming characteristics, and can be
punched and cut—routine actions in aligner fabrication. Moreover, PETG is minimally hydrophilic,
allowing less demanding storage requirements and reduced cost®.

Thermoplastic polyurethane (TPU) is a polymer with a broad range of desirable properties, including
exceptional mechanical and elastomeric characteristics, as well as high resistance to occlusal wear.
When subjected to load, thermoplastic polyurethane deforms but is capable of returning to its
original shape after load removal, thanks to its inherent flexibility that allows stretching and
subsequent recovery’.

It is desirable that transparent thermoplastic orthodontic aligners provide consistent and controlled
forces to achieve expected tooth movements®. Therefore, commercial sheets made of copolymers—
combinations of two or more polymers—are often used to improve mechanical properties.
Mechanical enhancement can be achieved by incorporating mixtures of polymers such as polyester,
polyurethane, and polypropylene. Commercial production of transparent aligners frequently
employs polymer blends consisting of these three polymersg.

The selection of polymer blend ratios has a significant impact on the characteristics of the resulting
plastic sheet. For example, a 70/10/20 blend of PETG, polycarbonate (PC), and TPU exhibited superior
mechanical properties compared to other ratios. This particular mixture demonstrated the ability to
generate adequate and durable orthodontic forces, outperforming other commercially available
products®. In another study, a 70/30 PETG/PC blend showed the most favorable combination of

tensile strength, impact resistance, and elongation at break®.
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Figure 19 (A-C). Fabricating the aligner: A) Laminate immediately after thermoforming. B) After initial

trimming. C) After final trimming and finishing.

Thermoforming technique for plastic sheets in in-house aligner fabrication

Two primary methods are employed for thermoforming plastic sheets over orthodontic models:
pressure forming and vacuum forming'®. The first method uses heat combined with positive pressure
to mold the plastic onto the model. A pneumatic press applies controlled pressure, typically
measured in bars, to ensure precise and consistent adaptation. The typical pressure range for
pressure-forming machines varies between 2 and 6 bars, depending on the material being used and
the specific machine.

Pressure thermoforming is ideal for reproducing fine anatomical details, ensuring accurate fit and
contour of the aligner. An additional advantage of pressure-forming machines is the ability to
standardize production through automated control of heating time, applied pressure, and plastic
cooling. Examples of pressure thermoforming machines include the German Ministar by Scheu and

the Drufomat by Dreve (Figure 20).
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Figure 20 (A-B). Ministar Scheu pressure thermoforming machine: A) Infrared heat source activated.

B) Pressure, temperature, and time settings.

Vacuum thermoforming, in contrast, employs negative pressure (vacuum) to pull the heated plastic
sheet over the model. Vacuum machines typically operate at lower pressures, ranging from 0.2 t0 0.8
bar. Despite the lower applied force, this method remains efficient and suitable for the production of
retainers and in-house aligners™.

The main disadvantages of vacuum thermoforming are the difficulty in standardizing the process
through automation and the greater dependence on operator skill. An example of a vacuum

thermoforming machine is the P7 by the Brazilian company Bio-Art Equipamentos Odontoldgicos

(Sdo Carlos/SP) (Figure 21).

Figure 21. Plastivac vacuum thermoforming machine.

Overall, the thermoforming of plastic sheets over resin-printed models, whether by pressure or
vacuum, provides adequate precision, ensuring that orthodontic aligners fit comfortably on the teeth
and deliver satisfactory clinical outcomes in orthodontic tooth movement. This represents a cost-
effective method for in-house aligner production compared to outsourcing the process.

Since thermoforming machines are directly accessible to the orthodontist and their team, aligners
can be produced rapidly, offering a more advantageous turnaround time to meet patient demands.
Depending on the characteristics of the case, the orthodontist can choose from different types of

polymers, providing flexibility in aligner design.
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Embossed numbering on the aligner, corresponding to the treatment stage, is important for

monitoring by both the orthodontist and the patient. The placement of this numbering should be

carefully selected to avoid interference with attachments (Figure 22).

Figure 22 (A-B). Finished in-house aligners: A) Detail of the stage numbering imprint. B) Detail of

tooth anatomy and attachment reproduction.

Negative aspects of in-house aligner thermoforming include the existence of a learning curve in the
process and the need for a thorough understanding of the characteristics of various plastic sheets.
Some of these materials are extremely hygroscopic, and exposure to the environment for just a few
minutes can be enough to compromise their properties. Achieving the desired results requires
operator skill and experience. Additionally, one aspect that needs to be evaluated by the professional
is the investment cost in thermoforming equipment, especially if it is a professional-grade pressure
machine. Finally, special attention must be given to the proper disposal of excess plastic sheets, an

essential measure for environmental responsibility.

Finishing in-house aligners: the final touch of quality

The fabrication of in-house aligners allows orthodontists to create customized solutions for their
patients with clinically adequate precision. However, the workflow from a 3D printed model to a
perfect aligner does not end with printing and thermoforming. The meticulous finishing of aligners,
using manual techniques with sharp/curved scissors and handpieces equipped with abrasive discs, is
the simplest way to achieve excellent finishing within the clinic. It is important to note that automated
cutters (milling machines) are also available on the market, operating in CNC (Computer Numerical
Control) systems, with rotary bits or lasers that provide a high standard of finishing through uniform

cutting lines. Nevertheless, the initial investment cost, as well as maintenance, often exceed the
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benefits within the reality of private practices, being currently intended for companies that
commercialize aligner production services.

During the finishing stage, cleaning, sanitization, and packaging of the aligners ensure they are
professionally ready for use.

Step 1: precision cutting with scissors. Precise cutting is essential to obtain a comfortable,
aesthetically pleasing, and functional fit of the aligners. Use a sharp, fine-tipped scissor to carefully
trim the excess material along the aligner edges. The orthodontist can choose to make either a
straight or fenestrated cut. In general, the straight cut is more appropriate in most cases, leaving the
fenestrated design for situations in which periodontal conditions require the absence of plastic
contacting the gingival mucosa. Care should be taken not to cut too close to the teeth, leaving part
of the crown exposed without plastic coverage, which could irritate the patient’s labial mucosa.
Mechanically, a “higher” cut, leaving approximately 2 mm of plastic above the gingival contour of the
crowns, provides better biomechanical control. However, the likelihood of excess plastic causing

patient discomfort and requiring chairside adjustments is higher than if the cut is limited to a 1 mm

distance.

Figure 23. Trimming of the in-house aligner with sharp curved scissors.
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Figure 24 (A-D). Types of trimming: A) High scalloped. B) Low scalloped. C) High straight. D) Low
straight.

Step 2: to achieve a perfect finish, a handpiece equipped with 3M abrasive discs (Saint Paul, MN,
USA) is very useful. This tool allows controlled and precise smoothing of any edges and removal of
sharp corners. Gently contour the surface of the aligner to ensure a comfortable and polished fit.
Care should be taken not to overdo it; gradual refinement ensures the maintenance of the aligner’s

structural integrity.

Figure 25. Finishing with abrasive discs.

Step 3: proper cleaning of the aligners is crucial for patient hygiene and comfort. A comprehensive
approach involves water and detergent to remove residual oils left by the model’s release agent.
Begin by rinsing the aligners in warm water to remove loose debris. Place the aligners in an ultrasonic

cleaning bath dedicated exclusively to aligners, using neutral detergent and water for 10 minutes.
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Check for any remaining oil residues, and if present, gently brush with a soft toothbrush and neutral
detergent. Rinse thoroughly to ensure no soap residue remains.

Step 4: allow the aligners to dry in a closed, clean environment. This space can include mechanical
ventilation to facilitate faster drying. Once dry, place the aligners in a UVC chamber designed for

disinfection and leave them for the recommended duration. This step enhances cleanliness and

ensures a higher-quality final product.

Figure 26. Models drying.

Step 5: The final touch of personalization for in-house aligners is the careful packaging of the aligners,
ensuring they arrive to the patient in perfect condition. Place each pair of aligners in an individual
airtight bag to avoid contamination and preserve hygiene. Print identification labels on a thermal
printer, indicating not only the patient's name but also the treatment stage number to which those
devices included there refer. Inform the total number of aligners in that series. Provide clear
instructions to the patient on how to use and care for the aligners. Encourage them to maintain
regular oral hygiene routines and to store the aligners safely when not in use. Provide a storage case

to keep the aligners protected when they are removed during meals and cleaning routines (Figure

Figure 27. Patient delivery kit.
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Stage 7: clinical management

Managing the routine use of in-house aligners in the orthodontist’s daily practice represents a
significant shift from traditional approaches to orthodontic treatment. Adopting this system requires
the professional to be open to adjustments in their workflow. This includes incorporating new habits,
such as using digital platforms for production tracking among team members (for example, ClickUp,
Asana, ProofHub, Trello). This digital integration becomes essential to ensure process efficiency and

proper coordination with the production and delivery of in-house aligners.
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Figure 28. Management of in-house aligner production using online tools. Enhancing efficiency of

internal processes for manufacturing and patient delivery.

In addition, it is necessary to allocate a specific space within the dental office for the 3D printer and
other post-processing equipment, thereby ensuring an appropriate environment for the fabrication
of the aligners. This logistical adjustment is crucial to maintain process quality, environmental and

device hygiene, and the precision of the in-house manufactured appliances (Figure 29).
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Figure 29. In-house aligner laboratory with MSLA/LCD printers of different generations.

Another important adaptation involves a shift in the mechanical paradigm. Traditional orthodontic
training with brackets and wires provides experienced professionals with a system where the
challenges are already well known and can therefore be addressed with familiar strategies. With
aligners, however—especially those fabricated in-house—much less is known to date about many
aspects of their performance. Orthodontists must learn to recognize the limitations of in-house
aligners, while also maximizing their strengths. This requires a deep understanding of how the system
works and the ability to adapt the treatment plan according to the specific characteristics of these
appliances. The flexibility and customization offered by this technology can be a considerable
advantage when used properly.

The adoption of in-house aligners also has a significant financial impact for the orthodontist. Although
the initial investment in equipment and training may be substantial, in-house production can reduce
costs in the long run. However, it is crucial to balance financial savings with treatment efficiency, as
proper resource management is fundamental.

Another consideration is the scheduling of follow-up visits, which must be carefully planned. With in-
house aligners, appointments can be spaced further apart, as multiple sets of aligners can be

delivered to the patient at once, saving valuable clinical time. Moreover, internal fabrication
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accelerates production, eliminating the long waiting periods associated with industrial aligner
delivery. This allows for greater efficiency in the orthodontist’s schedule and an overall optimization
of clinical time.

In summary, the decision to adopt an in-house aligner system is complex and requires a strong
commitment to adapting to new practices and technologies. Nevertheless, given the many clinical
applications and the long-term financial advantages, this approach becomes an attractive option for
orthodontists willing to invest time and resources in its implementation. It is important to
acknowledge the inevitable learning curve, but with dedication, professionals can reap the benefits

of this innovative method.

Conclusions

At the end of this tutorial, presented in three parts, the key message is that in-house aligners are a
viable technical alternative for orthodontists who wish to overcome the current limitations of
outsourced aligners, particularly in terms of cost and delivery times. The fabrication of in-house
aligners involves a complex series of steps, which may limit widespread adoption. However, for
professionals who commit to training themselves and their teams, significant opportunities will arise.
The vast range of orthodontic solutions that can be offered to patients through mastery of this
technique justifies the effort of overcoming the learning curve and the initial investment. The ongoing
development of direct aligner printing technology promises, in the near future, to simplify many of

the steps outlined in this tutorial. It is worth waiting—and taking advantage of what is to come.
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Summary

The aim of this PhD thesis was to evaluate, through both in vitro and in vivo studies, the impact of
digital orthodontics on 3D imaging and the additive manufacturing of appliances. A total of ten
papers were included: six of an experimental nature and four illustrating the application of the topics
discussed herein.

With regard to 3D imaging, two experimental studies were conducted. The first assessed the
preference between intra-oral scanning and alginate impressions in children, revealing that intraoral
scanning is faster, more comfortable and it is preferred by young patients. The emergence of intra-
oral scanning has enabled the acquisition of 3D models, which serve as a valuable tool for evaluating
various treatment outcomes without exposing patients to radiation.

The accuracy of 3D model superimposition was examined in a sample of adult patients,
demonstrating that it is a reliable and reproducible method. However, further research is necessary
to establish a reliable reference area for these superimpositions, particularly in growing patients or
those presenting significant changes in the occlusal plane. When combined with cephalometric
radiographs, this approach serves as an effective means of illustrating 3D tooth movement without
the superimposition of other anatomical structures, as demonstrated in the paper entitled “A
diagnostic and treatment planning checklist for vertical problems in orthodontic patients” included
in the appendix.

Stereolithography has enabled the conversion of intra-oral scans into dental models or appliances
that are constructed directly from these .stl files. The 3D printing process is performed by the
sequential deposition of resin layers, utilizing a variety of printers and resins available on the market,
with new materials continually being introduced. As a result, extensive evaluation is required to
determine the properties of these materials and the methods by which they are handled.
Accordingly, the in vitro studies assessed the physical characteristics of different resins, considering
variables such as printing orientation, exposure to water ageing, and the resultant surface roughness
and gloss. The findings indicated that the printing orientation and water ageing affect flexural
strength and modulus of 3D printing resins for occlusal splints, as well as surface roughness and gloss
of 3D printed aligners.

However, perhaps the most significant transformation in orthodontics brought about by the digital
workflow has been the development and improvement of aligners. This represents a complete shift,
both aesthetically and mechanically, from conventional fixed appliances. Aligner treatment now
offers numerous possibilities, ranging from outsourced to in-house fabrication, each utilizing different
printers and materials. The production of in-house aligners remains somewhat cumbersome, as
illustrated by the three practical guidelines included in the appendix of this thesis. Nevertheless,

there exists a clinical niche for their use, particularly in low complexity cases. The expansion of the
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upper arch using in-house aligners was evaluated in a prospective clinical study, with results
demonstrating that it is more effective in the premolar area than in the canine area, with canine
torque control that is affected by attachment positioning. Despite these advancements, much
remains to be explored in aligner therapy, especially as treatment outcomes now rely heavily on
patient cooperation.

Patient cooperation has long posed challenges for orthodontists, a situation further complicated
when extra-oral appliances are required. The advent of 3D printing offers the potential to customize
these devices, aiming to enhance patient comfort. This hypothesis was explored by comparing
standard facemasks with those personalized via additive manufacturing in a crossover randomized
clinical trial. While there was a slight preference for the personalized facemasks, the findings
ultimately revealed no significant differences in terms of wear time, pain, or sleep-related discomfort.
Larger-scale studies are necessary to determine whether the customization of facemasks is truly

beneficial.

Conclusions and future directions

Digital orthodontics has undoubtedly been adopted by the professional community, as the digital
workflow generally offers increased comfort, greater predictability and, most importantly, enhanced
diagnostic capability thanks to 3D imaging. Digital records require no physical storage space, can be
accessed remotely, and facilitate improved assessment of treatment outcomes through radiation-
free methods. Nonetheless, current literature reveals considerable limitations in the clinical
performance of new appliance mechanisms. Consequently, practitioners must carefully weigh the
predictability of outcomes before embracing new technologies or resources, particularly when
managing complex cases. The progression of digital orthodontics is unavoidable, and it is
understandable that it remains somewhat behind, given that conventional treatment methods
benefit from over a century of research. However, it is essential to consider not only the clinical
implications but also the significant shift in material usage within orthodontics, with the
environmental and health impacts of resin handling warranting further investigation. Just as many
analogue processes have faded or disappeared with technological advancement, it can be concluded
that digital orthodontics is still in its early stages yet and it will certainly become a pivotal advance

leading to more precise and efficient orthodontic care.
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