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INTRODUCTION 

Digital technologies have become essential components of our daily lives, creating 

a level of global interconnectivity that is unmatched in history. Innovation, especially in 

the digital realm, is occurring on an unprecedented scale. 

In the future, dentistry will be revolutionized by a wide range of new technologies, 

including virtual reality, artificial intelligence (AI) and CRISPR. The pursuit of 

advancements in dentistry is a constant endeavour, and it is crucial to embrace these new 

technologies and stay informed about their associated risks and advantages in the dental 

field. It is becoming evident that emerging innovative technologies have the potential to 

offer alternative treatments to patients, while also improving workflow efficiency, 

increasing productivity, and enhancing the quality of oral care. Dentistry, like other 

healthcare sectors, has undergone significant transformation recently due to the 

implementation of computer-based advanced technologies, new preventative measures 

against diseases, and improved diagnostic techniques [264]. 

Malocclusion anomalies have a very high prevalence, which indicates the need of 

an effective orthodontic treatment that does not have relapses [5, 32]. 

At the moment, the ideas and development of new modern methods in effective 

bite correction and their successful application is a very important and demanded task 

[225, 261, 273]. 

There are various techniques for bite correction. Obviously, the most 

technologically advanced ones, i.e. those using digital technology, which allows them to 

be completely predictable, are currently in the forefront. Currently, the most advanced 

technique is treatment with aligners [104, 170, 192]. 

However, special attention should be paid to the possibility of periodontal diseases 

when using orthopaedic and orthodontic designs due to the presence of unphysiological 

pressure on the gums, poor oral hygiene and aligners non-optimal trimming edges [4, 44]. 
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With the use of modern digital technologies and their combinations, [85, 180, 304] 

it is possible to perform detailed analysis and predict the risks of complications. Such as 

gingival recession due to excessive forces applied to the tooth to be moved, or incorrect 

planning and selection of the aligner topology, as well as excessive pressure on the 

gingiva with a thin biotype. Hence, in order to avoid complications in the form of gingival 

recession, an accurate and simple method of determining the biotype of the oral mucosa 

is essential [232]. 

In the literature described above, no optimal methods for determining oral mucosal 

biotype have been found. Invasive methods in orthodontic treatment are not a rational 

solution. At the same time, the existing methods of biotype determination are too time-

consuming and may give incorrect information under certain conditions. This may occur 

in cases where gingival recession already exists, or a retained tooth position is present, or 

surgical interventions have been performed [218]. 

Hence, the search for new methods of comprehensive treatment of orthodontic 

patients on aligners requires the development of a new efficient automated treatment 

protocol [284]. 

Modern techniques provide an opportunity to implement the best and most 

individualised approaches to the treatment of orthodontic patients and can serve as a basis 

for new methods of effective planning of compliant and non-compliant patients with the 

most predictable result of orthodontic treatment [53, 59, 67, 87, 104, 189, 243, 246, 269, 

281]. With the use of modern digital technologies and their combinations, [85, 180, 304] 

it is possible to perform detailed analyses and predict the risks of complications. Such as 

gingival recession due to excessive forces applied to the tooth to be moved, or incorrect 

planning and selection of the aligner topology, as well as excessive pressure on the 

gingiva with a thin biotype. In order to avoid complications such as gingival recession, 

an accurate and simple method of determining the biotype of the oral mucosa is essential 

[232]. Traditional biotype evaluations accurately assess the mucosa, but miss information 
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about its full thickness. When digital protocols and sufficient data are available, 

objectification is achieved, thus obtaining a more accurate diagnosis and better prediction 

of patient treatment [143]. 

The protocols which are currently used with aligners are insufficiently studied and 

do not take into account the influence of oral mucosal biotype on the final outcome.  

A literature review revealed no comprehensive information on using digital 

methods to determine oral mucosa biotype or on how mucosa biotype relates to aligner 

trimming type.  

An important point that affects the effectiveness of orthodontic treatment is the use 

of different approaches to trimming aligners [175]. However, the manufacturers of 

aligners offer only one type of trimming without taking into account the individual 

characteristics of the patient's mucosa. It can be concluded that the development and 

application of a digital method of diagnosis and treatment planning is also an urgent task.  

Thus, the research is concerned with one of the most relevant issues of orthodontics 

- the development of modern digital methods of orthodontic treatment. The aim is to 

individualize orthodontic treatment, which improves the quality of care provided, reduces 

the time, and increases patient compliance and motivation. This determines dissertation 

research's relevance.  

Aim of the study: to increase the effectiveness of complex treatment of orthodontic 

patients with aligners. 

Research objectives: 

1. Obtain 3D models and analyse the results of orthodontic patients’ oral scans. 

2. Process a stack of received CT data of orthodontic patients using four different 

methods and choose the most suitable one for use with additional input data used 

in the research. 
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3. Compare methods for determining the biotype by digital and traditional methods 

in the absence of inflammatory processes in the mucosa, create an algorithm for 

obtaining an oral mucosa digital map. 

4. Analyse and justify the features of the use of aligners with two different types of 

trimming. 

5. Analyse and justify the specifics of using aligners with two different types of 

trimming and with modified topology of the aesthetic component in the area of 

missing teeth. 

6. Create virtual models of aligners. Train the U-Net neural network model based on 

the results of annotated CT samples. Develop and determine the efficacy of an 

orthodontic treatment protocol on aligners based on the defined oral mucosa 

biotype. 
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Scientific novelty 

For the first time, correlations have been established between the biotype of the 

oral mucosa and the types of aligners used. 

For the first time, the finite element analysis method was applied to calculate the 

efficiency of distribution of loads and deformations in the design of aligners. 

For the first time, the individualization of aligner trimming was substantiated for 

various oral mucosa biotypes. 

An algorithm for obtaining an oral mucosa digital map was created. 

Practical significance 

Of great practical importance for orthodontists is new knowledge in determining 

the oral mucosa biotype in a digital non-invasive way, as well as obtaining new 

knowledge on the optimal manufacture of orthodontic aligners. 

Volumetric visualization of the obtained oral cavity data empowers orthodontists 

to individualize the shape of manufactured aligners, potentially reducing treatment 

duration for patients and the risk of gum recession. 

This study made it possible to create treatment protocols using additional digital 

examination techniques. 

Author's personal contribution 

The author personally analysed literature on the topic of the dissertation, all the 

results presented in the work are the author's contribution to the process of 

individualization of orthodontic treatment on aligners. The author carried out the 

accumulation of clinical data of patients, compiled and applied new algorithms for the 

effective treatment of orthodontic patients. The author trained neural networks. The 

trained models were used for processing CBCT data. The author carried out and 

interpreted data to obtain mucosa digital visualization. The author developed 

mathematical models of physical virtual aligners. The author interpreted data from virtual 
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finite element analysis. The author also compiled algorithms for optimizing the topology 

of the aligners. Modelling, printing and manufacturing of modified aligners were carried 

out. The clinical approbation of the improved aligners has been carried out successfully. 

Publications 

On the subject of the thesis 13 scientific papers have been published: in the journals 

indexed by SCOPUS - 1, VAK and RSCI - 2, in collections - 3, in the materials of the 

scientific-practical conference - 9. 

The structure and scope of the dissertation 

The dissertation is presented in 3 chapters, presented on 217 pages, illustrated with 

152 figures. The list of references includes 328 sources, of which 25 are national and 303 

are foreign. 

Dissertation results approbation and implementation in practice 

The research results have been implemented in the work of the Dentistry 

Department of the Federal State Budgetary Educational Institution “The Saint-Petersburg 

State University” and “Trydent” Ltd. dental clinic. 

 

Main scientific results 

Publications 

1. Deep negative volume segmentation [51] pages 1-11 – A method of using 

artificial intelligence in orthodontic practice using manually obtained input data for 

training a neural network is described. Methods of obtaining input data - segmented 

cranial bone structures and temporomandibular joint volume by manual method is 

presented. Author's contribution 30%. 

2. Temporomandibular joint position assessment technique [20] pages 90-98 – 

Systematic work on segmentation of cranial bone structures and application of the 
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obtained three-dimensional models in orthodontic practice. The methods of combining 

three-dimensional models of segmented bone structures with intraoral scanner scanned 

tooth arches to obtain the exact position of the mandible and condyles in central occlusion 

are described. Author's contribution 100%. 

3. Indirect braces bonding using the new Russian orthodontic adhesive [6] page 52 

– Validation and retrieval of a correlation model of oral mucosa using “Colour-test №1”. 

Author's contribution 20%. 

 

List of conferences, congresses and symposiums in which the author took 

part:  

Apr. 11 2019, II International Scientific and Practical Conference "Modern 

Pediatric Dentistry and Orthodontics" - Department of Pediatric Dentistry and 

Orthodontics acad. I.P. Pavlova, St. Petersburg, ISBN (print edition) 978-5-93339-436-5 

- physical and mathematical methods of calculating the aligners topology using finite 

element analysis with weak spots identification to improve the efficiency of orthodontic 

treatment were presented. 

Sep. 17 2019, International Scientific-Practical Conference on the 60th 

Anniversary of the St. Petersburg State Medical University's Faculty of Dentistry, named 

after Acad. I.P. Pavlov - St. Petersburg - modern diagnostic methods of the European 

Orthodontic Society were presented. 

Oct. 30 2019, "Modern methods of diagnosis, treatment and prevention of dental 

diseases": Symposium "Innovative digital technologies for diagnosis, treatment planning 

and monitoring of its results in dental practice" within the framework of the XVI scientific 

and practical conference "Modern methods of diagnosis, treatment and prevention of 

dental diseases" - St. Petersburg - features of intraoral scanner use in orthodontics and 

paediatric dentistry with further application in orthodontic and orthopaedic treatment of 

complex patients were described. 
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Oct. 2 2020, Physical and mathematical calculation of the topology of aligners at 

the III International Scientific and Practical Conference "Modern Paediatric Dentistry and 

Orthodontics" - St. Petersburg - features of aligners topology during molar distalisation 

with finite element method and visualization of stresses and deformations of the aligners 

design were represented. 

Oct. 28 2020, "Dentistry of the Northern Capital": Symposium "Digital Dentistry" 

as part of the IV International Scientific and Practical Conference "Dentistry of the 

Northern Capital" - Online, St. Petersburg - modern digital scanning, three-dimensional 

modelling and printing technologies for achieving the greatest efficiency of orthodontic 

treatment are described. 

Oct. 14 2021, “Bracket system vs aligners. Possible and Impossible" topic 

presented in the theses collection and at the international conference "Modern Paediatric 

Dentistry and Orthodontics: Difficult Dental Patient" - Zelenogorsk - the results of 

aligners design capabilities are presented and the deviation factors from the designed 

treatment plan were visualized using the finite element method. 

Mar. 31 2022, "A two-stage technique for studying the position of the condyles of 

the temporomandibular joint" [16] topic presented in the theses collection and on the 

RUDN Interuniversity Conference "Actual Issues of Dentistry" - Department of 

Propaedeutic of Dental Diseases of the Medical Institute of the Peoples' Friendship 

University of Russia - Moscow - methods of segmenting cranial bone structures from CT 

data and superimposition of the scanned teeth by an intraoral scanner to obtain combined 

models for the implementation of a digital protocol in orthodontic treatment were 

presented. 

Apr. 15 2022, “CBCT in orthodontics. How to get information that is not in the 

picture" topic presented in the theses collection and at the V International Scientific and 

Practical Conference "Modern Paediatric Dentistry and Orthodontics" - St. Petersburg - 

the possibilities of obtaining and predicting the results of orthodontic treatment using 
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manual segmentation of cranial bone structures and three-dimensional models of dental 

arches were presented. 

Nov. 30 2022, XXVII National Russian scientific and practical conference of 

maxillofacial surgeons and dentists with international participation "New technologies in 

dentistry", St. Petersburg - an innovative individualization of aligners topology using 

combined three-dimensional models of bone structures, dentition and aligners models 

was presented. 

 

The following are submitted for defence 

1. Objectivity of orthodontic treatment is achieved through the introduction of new 

digital technologies into the treatment process and the processing of the data obtained. 

Central occlusion dental arch models were created using an intraoral scanner following 

the scanning protocol. Virtual treatment plans for orthodontic patients with aligners were 

compiled. 

2. Computerized tomography (CT) imaging is a four-dimensional voxel dataset 

with a range of densities on the Hounsfield scale from -1000 to 3000. To view the 

necessary information, a range corresponding to the density of the tissues of interest was 

selected. To create three-dimensional models of bone structures, the region contour was 

selected on each of the hundreds of layers in order to segment the range and create a shell. 

Manual segmentation took a long time (8-12 hours), manual area segmentation took 5-8 

hours. Watershed segmentation took 1-2 hours; however, this method cannot be used to 

segment each tooth individually. To speed up the routine processing process, manual 

segmentation was performed, a neural network was trained, and as a result, an AI was 

created, which in turn is capable of creating an accurate composite three-dimensional 

model in 3-5 minutes. 

To ensure the possibility of using segmentation using AI, supervised training of the 

neural network was performed. That is, a U-Net neural network model was trained based 
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on the results of annotated CT samples. A method for using AI for segmentation of cranial 

bone structures from CT data is presented.  

3. In orthodontic treatment, the biotype of the oral mucosa plays a major role, as it 

has a significant impact on the choice of treatment tactics. When using clear aligners, the 

structure with a large surface area rests on the oral mucosa, and when the appliance is 

activated, additional pressure zones are created that can lead to gingival recession. A 

digital model of the oral mucosa biotype was created based on a combined three-

dimensional model, including a segmented model of CT data and a processed model of 

dental scans. An analysis of oral mucosa thickness distribution across cranial bones was 

performed using combined 3D models. 

4. In finite element analysis, a specific algorithm was created for each task - the 

design of a mathematical model. Due to the fact that no tasks on the deformation of aligner 

structures and the impact on the oral mucosa had been previously conducted, a new 

original design of a mathematical study of orthodontic aligner models was created. 

5. Since the processes occurring during the treatment of orthodontic patients are 

extremely complex and cannot be seen, mathematical modelling was performed taking 

into account all the physical parameters of aligners. Three-dimensional models of aligners 

were created, the topology of aligners was analysed by finite elements, and the results 

were interpreted. 

In most cases, it is recommended to use aligners with a high trimming. To minimize 

the risks of complications and to objectify the choice of the required type of trimming, a 

comparative mathematical analysis of the deformations of aligners with scalloped and 

straight trimming was performed using finite elements. 

When creating aligners in the area of missing or extracted teeth, two standard 

methods are used - aesthetic and functional. To justify the possibility of combining both 

methods, a mathematical analysis of orthodontic structures with combined aesthetic 

components was performed using finite elements. 
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6. Digital orthodontic treatment protocol is complex and time-consuming. To 

optimize the work of an orthodontist and his team, a treatment protocol has been 

developed according to selected criteria. The new protocol allows, using segmentation 

with the help of AI, to create an individualized treatment plan; based on the global digital 

map of the oral mucosa, avoid unwanted complications; use aligners with improved force 

and aesthetic components. Ultimately, the digitization of the protocol leads to improved 

quality, time savings, and increased patient compliance during treatment. 
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Chapter 1: LITERATURE REVIEW 

1.1 Methods for assessing mucosal biotype 

Oral mucosa biotype determination using a dental probe is a rather traumatic 

procedure and it is performed using anaesthesia [255, 297]. The next method of 

determining the biotype is associated with obtaining an additional dose of radiation during 

a separate CT scan [48]. This information is extremely important in calculating the 

applied forces, in determining the possibility of oral mucosal support, and in predicting 

the treatment outcome. 

Digitalization of orthodontic treatment involves data collection and processing, 

which should be obtained and prepared for further work. Next, algorithms for processing 

and interacting input data should be created using artificial intelligence to create a 

comprehensive automatic treatment plan and predict treatment [75, 98, 130, 143, 147, 

214, 242, 244]. 

In modern dentistry, mucosa biotype determination is one of the key topics. Correct 

biotype determination influences both the treatment plan and the prevention of 

complications such as gingival recession.  

Gingival recession is a common gingival disease with a variety of aetiologies, and 

is manifested by a displacement of gingiva vestibular margin in the apical direction with 

further exposure of the tooth root surface [10, 25]. 

Gingival biotype is defined as the thickness of the mucosa in the vestibular 

direction. Gingival biotype plays a key role in predicting success and preventing 

complications in orthodontic treatment [27]. Therefore, accurate planning is necessary to 

give predictable and stable results of the orthodontic treatment [7, 17, 155, 160]. 

Optimal periodontal health is maintained with a wide area of attached keratinized 

gingiva, which prevents the spread of inflammatory processes. In case of keratinized 

attached gingiva width reduction, it can lead to the development of destructive processes 
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and the occurrence of recession. A certain correlation between the width of the attached 

keratinized gingiva and the periodontal biotype has been identified [268]. 

Most authors and clinical orthodontists divide the gingival biotype into two types: 

thick and thin.  

The thin gum biotype is characterized by high interdental papillae with point 

proximal contacts.  

The average thickness of the attached gingiva is 1 mm. 

The thick biotype is characterized by smoother gingival contours, interdental 

papillae are short and wide, and the average thickness is 1.5-2 mm [328]. 

However, a number of authors believe that there is a transitional biotype of gingiva 

- medium [241, 263]. These authors characterize it as transitional between thick and thin 

gingival biotypes with an average value of 1.5 mm. Maria N. et al. conducted studies in 

which they proved the impossibility to attribute the oral mucosa to a certain type, and 

introduced the definition of a mixed type that includes a combination of several 

phenotypes at once [107]. A thin gingival biotype presents the greatest difficulty in 

treatment planning and obtaining a stable aesthetic and functional result due to a small 

collagen content and a smaller keratinized attached area than in the thick phenotype [27, 

151]. According to the authors, the true-thin gingival biotype occurs in two-thirds of 

patients [250]. 

Modern dentistry successfully uses a variety of methods to assess gingival biotype:  

- histological methods,  

- visual assessment and probing (invasive and non-invasive), 

- ultrasonography,  

- radiological, 

- computed tomography data [1, 13, 35]. 
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Fischer K. et al. found that it is possible to classify the periodontal biotype using 

scanning computed tomography, and this has clinical applications [105]. 

Barriviera M. et al. proposed to take CT measurements at specific points on the 

maxilla, from canines to second molars at distances of 2, 5, 8 and 12 mm. This non-

invasive method gives an idea of the distribution of mucosal thickness on the upper jaw, 

but has a number of drawbacks that do not allow you to create a continuous distribution 

of measurements. To obtain this kind of CT data, the authors also used plastic retractors 

and a wooden spatula to isolate the palatal mucosa from the tongue and cheeks [48]. 

Wilmes B. suggested using a dental probe with a silicone stopper to invasively 

determine the thickness of the mucosa on the upper jaw before placing micro-implants 

needed for orthodontic fixation [297]. This method is local-point and traumatic, it also 

has a number of disadvantages when transferring measurements from a probe with a 

stopper.  

Keratinized alveolar gingiva consists of free and attached parts. The boundary 

between the free and attached gingiva is the gingival groove bottom and the cement-

enamel boundary. The attached part of the gingiva is fused to the tooth root cement and 

periosteum, and starts from the lower border of the gingival sulcus to the dental-alveolar 

junction.  

In clinical practice, attached gingiva is evaluated by its colour texture, shape, 

gingival contours, and its biotype [23]. 

The histological structure of gingival biotypes with thick and thin biotypes differs, 

which in turn affects the planning of orthodontic treatment and consideration of the 

likelihood of complements. The thin biotype is characterized by capillaries and arterioles 

with narrow and moderate lumen, small spiky and granular cells. Thick biotype is 

characterized by wide lumen of vessels, pronounced layers of spiky and granular cells 

[18]. 
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The main parameter of the gingival biotype, in addition to the thickness and height 

of the gingival papillae, is the attached gingiva thickness. According to various authors, 

the characteristics of thick and thin biotypes differ. The thin biotype is characterized by 

a gingiva that is less than 1 mm thick, while the thick biotype is more than 1 mm thick 

[216]. 

The thin biotype is up to 1.5 mm, the thick one is more than 2 mm [255]. 

In the clinical practice, special attention is paid to the thin gingival biotype; during 

orthodontic treatment, patients with a thick mucosa biotype can develop a local form of 

periodontitis; in the case of a thin biotype, the probability of recession is much higher, 

since loss of tooth-end attachment leads to marginal inflammation and resorption of the 

alveolar wall [24]. 

In the clinical practice, various methods of determining gingival thickness are used; 

however, all of them have a number of drawbacks and limitations.  

One of the express methods proposed by Smirnova S., is a modification of the 

clinical method of gingival thickness measurement using a thin probe or endodontic 

instrument, for example, a reamer number 20 and a silicone stopper put on. After 

infiltration anaesthesia, the gingiva was punctured until the instrument reached the bone 

and the thickness was fixed with a silicone stopper. Then photo on millimetre paper was 

taken and gingival thickness was measured [19]. A similar methodology was proposed 

by Wilmes B. [297]. 

Amkhadova M. proposed an invasive method to determine the thickness of the 

attached soft tissues using an endodontic file (ISO 0.10) with a silicone stopper and 

application of 10% lidocaine spray anaesthesia. Measurements were taken at three points: 

in the edentulous area's apex, where the dental implant placement is expected; vestibular 

and orally on the attached keratinized mucosa apical to the first puncture 3 mm. The 

distance from the tip of the file to the silicone stopper was measured using an endodontic 

ruler. The biotype was considered thin at 1 mm or less. 
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Another clinical method for determining gingival thickness is a puncture within the 

attached gingiva 1-2 mm apical to the bottom of the gingival sulcus [18]. 

A minimally invasive method of biotype determination, which is often used by 

physicians of all specialties and does not require training, is to assess the degree of 

translucency of the periodontal probe through the gingiva. If the biotype is thick, the 

probe will not be translucent, if it is thin, indistinct contours will be visible [162]. This 

method of assessment does not take into account the transitional gingiva type, and there 

is no possibility to make quantitative measurements. 

Using a specially designed series of Hu-Friedy COLORVUE BIOTYPE PROBE 

biotype probes made of white plastic with colour markings, Rasperini G. classified the 

gingival biotype into four types: thin, medium, thick and very thick. The essence of the 

method is to assess the translucency of the probe through the attached gingiva. A set of 

probes consists of white (without the probe tip colouring), with green and blue colouring. 

If a probe without colouring (white) is translucent, the biotype is considered thin. If green 

is translucent, then the biotype is medium. When blue colour is visible, the biotype is 

thick. If none of the probes is translucent, the biotype is classified as very thick [240]. 

Another way to determine the mucosa thickness is to use an ultrasound measuring 

device SDM (Austenal Medizintechnik, Cologne, Germany). The contact surface of the 

device - 4 mm moistened with water or oral liquid is put for 2-3 seconds to the place of 

mucous membrane thickness measurement, and measurements in the range from 0.5 to 

6.0 mm are made. The error of measurements on the instrument scale was 0.1 mm [259]. 

In all of the above methods, there are progressive points in the approach to 

systematizing the study of gingival and oral mucosal biotypes. However, they require 

changes in CT study protocols. And the use of wooden spatulas, retractors, and tags makes 

it difficult to obtain the necessary universal data that will be used not only to study 

gingival biotype, but also to plan orthodontic treatment in general. Also, some methods 
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are painful and traumatic to the mucosa and lack sufficient visualization of soft tissue 

thickness distribution. 

In all methods mentioned above, only separate one was used - probing or CT study. 

However, nowhere were two or more independent methods combined to obtain more data 

and systematize distributions. In most studies, measurements were performed only on the 

maxilla and the results obtained from it were interpolated to the tissues of the mandible 

as well. 

1.2 Clear Aligner Therapy. Finite element analysis 

Aligners are removable orthodontic appliances made of clear transparent plastic by 

thermoforming. The term Clear Aligners Therapy (CAT) encompasses a wide range of 

removable appliances with different wearing styles, manufacturing and design methods, 

approaches to application and use in different clinical situations. Clear orthodontic 

appliances fully or partially cover the teeth's surface, unlike traditional orthodontic 

appliances and systems. Thus, aligners, by their design features, have the ability to treat 

a large number of orthodontic anomalies [295]. Initially, the CAT system was designed 

to correct small anomalies in tooth position. To this day, however, some clinicians 

continue to adhere to this concept and use aligners exclusively to bring orthodontic 

treatment to perfect occlusion in the final stages of treatment [54, 64, 91, 295]. More and 

more clinicians use additional retention elements, so-called attachments, consisting of 

composite material and fixed to the teeth through a special matrix of soft thin plastic 

according to a strict protocol [42, 95, 294]. 

Success in modern digital dentistry is largely driven by prediction, accurate 

calculations, and digital examination techniques. Despite the wide variety of orthodontic 

appliances available, most patients today prefer comfortable and aesthetic aligners [197, 

226] 

The shapes and sizes of the attachments are prescribed by the researchers. 

Currently, protocols have been created for each type of tooth movement as well as for 
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each specific task. Today, protocols for attachments are constantly being modified [42, 

126, 272]. Initially, attachment design was simple, but since the use of finite element 

analysis (FEA), more and more types, shapes, and sizes of attachments have been 

introduced into treatment protocols [164]. 

Aligners can be divided into two types according to the type of manufacturing:  

1) thermoformed aligners,  

2) aligners made by direct printing on a 3D printer [158]. 

The plasticity index of 3DPIN material (29.4%) used in direct printing indicates 

the material brittleness, it was much lower than that of Invisalign (40.0-40.8%) and 

conventional thermoformed mouth guards (34.0-35.9%) (20-22), showing more elastic 

behaviour. At the same time, the relaxation index of the direct-printed material was much 

higher compared to Invisalign thermoformed materials, which is the reason for the rapid 

attenuation of orthodontic forces [62]. In addition to the worse physical properties 

compared to the thermoforming material, there are larger inaccuracies in the thickness of 

the aligners. This is due to the process of manufacturing clear aligners directly using 3D 

printing. In the process of printing the aligners on a 3D printer, it is not possible to 

guarantee a stable aligners thickness, which can negatively affect their clinical 

applicability [93]. 

According to the researchers, 3D printing technology is a suitable way to 

manufacture clear aligners and offers a number of advantages over the conventional 

thermoforming process. The currently published literature on direct-printed clear aligners 

shows that such a process is technically possible. However, a material ideally suited for 

this purpose does not yet exist. There is also a need to develop software adapted for this 

purpose. For this reason, no clinical studies using printed aligners have been conducted. 

Based on this, further in vitro and in vivo studies are needed to test these new technologies 

and materials. Particular attention should be paid to the cytotoxicity of printable resins. It 

is also necessary to calculate the clinical performance of directly printed clear aligners in 
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order to compare with the data obtained for thermoformed aligners [277]. Direct printing 

of clear aligners offers great opportunities to create modified topologies of aligner designs 

and the possibility of printing both functional and aesthetic aligners without 

compromising one or the other. This will be possible in the future if a suitable material 

with full biocompatibility and no cytotoxicity is created [103]. 

Clear aligners are currently the most technologically advanced part of orthodontics, 

but unfortunately, the least studied. The biomechanics of clear aligners are based on the 

biological processes of the body, but the principles of working with aligners differ from 

the traditional bracket technique. The treatment of patients with clear aligners utilizes 

virtual planning, which allows the clinician to determine the sequence of tooth 

movements leading to the final occlusion in the program before even one tooth is moved. 

This requires a paradigm shift in the thinking of the clinician, who must now "start at the 

end". Each treatment option can be visualized in terms of length of treatment, degree of 

difficulty in moving the teeth, and treatment outcomes. 

The clinician and the patient can then choose the treatment option that best meets 

their goals [138, 272]. 

It is important to know and understand the principles of braces systems, archwire 

sequence order, the mechanics of the additional elements, but it is equally important to 

know and understand the principles of individualization of clear aligners. In order for 

treatment with aligners to be successful, an individualized approach is required. The 

clinician must take advantage of all possibilities to modify the aligners by adding 

structural elements during the clinical appointment [56–58]. 

In the process of creating a button or notch type retention element with a 

thermoforming tool, structural changes occur in the aligner itself where the elastics are 

attached. These deformations lead to an incorrect load distribution, which in turn slows 

down tooth movement and stresses the oral mucosa. These negative effects can be 

eliminated by adding additional structural reinforcements. 
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The mathematical calculation makes it possible to visualize the quantitative loads 

that are necessary for optimal tooth movement with the least amount of time. 

The solution consists of many small interrelated problems, so-called finite 

elements, and is only an approximation, since the overall complex problem is too complex 

to compute. The finite element is accurate in modelling and adapts to the topology of the 

model under study, which is an effective method of engineering analysis. To date, this 

method has been widely used in medicine and is successfully used in calculations of 

individual aligner designs [111]. 

Using a mathematical model derived from the discretization of solids in CAD in 

three dimensions, finite element models contribute to the understanding of the 

biomechanics of orthodontic devices because they allow the estimation of stresses that 

occur in various tissue structures, such as the alveolar bone, periodontal ligament and 

teeth during treatment. Similarly, loading and displacement patterns can be determined 

using FE models depending on the device used [68, 134, 159, 205]. 

Bodily teeth movement in orthodontics has been widely studied and recognized as 

extremely complex because it implies that the applied force must pass through the centre 

of resistance of the tooth. Consequently, body movement of a tooth requires a complex 

system of forces and momentum forces to be applied to the tooth [176]. 

Orthodontic movement techniques based on thermoformed plastic aligners have 

demonstrated limitations in the configuration of complex force systems, such as extrusion 

of central incisors, rotation and tilt of canines, and body movement of teeth [174]. The 

need to overcome these limitations has led to the development of biomechanically 

"enhancing" composite attachments bonded to the tooth surface. These additions increase 

the biomechanical capabilities of aligners, allowing for more complex force systems, 

usually involving pairs of forces. The biomechanical nature of these innovative 

instruments must be understood in order to support protocols for their use and it must be 

evidence based. FEA models applied to new orthodontic techniques based on aligners 
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give better understanding of their theoretical efficiency, allowing for improved 

understanding in clinical settings. 

To fully understand how thermoformed appliances work, two fundamental 

differences are needed to be known:  

- In traditional orthodontic tooth repositioning, a force is applied to the bracket that 

transfers it to the tooth structures, creating a mechanical-biological chain of events that 

causes the tooth to shift. 

- When teeth are relocated using aligners, an intentional, predetermined 

"mismatch" between the aligners and the teeth is set at each stage of treatment using a 

virtual model. The aligner corresponding to the new tooth position is placed on the dental 

arch, creating, with each mismatch, a system of forces that is directly transmitted to the 

tooth, creating a similar chain of events leading to the new tooth position [123]. 

Notably, a better understanding of material properties leads to the most accurate 

tooth movement sequencing and, as a result, more effective treatment. It has been shown 

that there is a wide variety of initial force mechanism systems during treatment with clear 

aligners. Because an aligner with a high initial force can be followed by an aligner with 

a low force, this results in inconsistent tooth movement. Furthermore, as aligner sequence 

order increases, deformations of aligners associated with force transfer also increase. 

There are studies showing that the orthodontic force generated by a thermoplastic material 

closely correlates with its hardness and modulus of elasticity; consequently, differences 

in the physical and chemical properties of clear aligners influence which aligner system 

the practitioner chooses. 

The physical and material chemical properties have a direct influence on the 

treatment outcome. Patients who wore aligners made of harder material for two weeks of 

activation showed the best results for all parameters of tooth alignment and occlusion in 

general [33, 94]. 
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It is also important to determine if the material properties change after use, as 

biofilm modification and oral environmental conditions can affect the hardness and 

material viscoelasticity. Because aligners are exposed to salivary enzymes, other oral 

byproducts, and various fluids during wear, and there is the possibility of damage caused 

by swallowing, speech, and bruxism [45, 65, 66, 230, 235]. The manufacture of clear 

aligners is based on the use of clear thermoplastic materials with suitable physical, 

chemical, and mechanical properties [82, 318]. 

The mechanical properties of polymers play a decisive role in the effectiveness of 

the therapeutic treatment. Low stiffness, good deformability, dimensional stability, and 

high biocompatibility are the conditions that the polymers used must meet. Orthodontic 

strength results from the aligners’ deformation and from their elasticity. Therefore, 

orthodontic strength is directly dependent on the aligner material chemical composition, 

the arrangement and polymer chains orientation in it, the thickness of the aligner design, 

and the clinical protocol in which the amount of tooth movement is laid down [112, 127, 

129, 148, 165, 171, 188, 190, 191, 253, 265]. The ideal aligner material should be clear, 

create sufficient mechanical force to induce orthodontic tooth movement in a strictly 

controlled manner, and at the same time it should not damage the surrounding periodontal 

tissues [112]. 

Polyethylene terephthalate glycol (PETG), Polycarbonate (PC) and Thermoplastic 

polyurethane (TPU) are mainly used to modify the properties of aligners [82, 129, 188, 

193] PETG, a noncrystalline amorphous polyethylene terephthalate (PET) copolymer, 

has good mechanical properties, high wear resistance, dimensional stability and solvent 

resistance [29, 52, 82, 92, 116, 148, 188, 318]. 

The glycol group (G) is added to the main chain of the copolymerizing agent, which 

is a composition consisting of 31% mol 1,4-cyclohexylenedimethylene terephthalate 

(PCT) and 69 mol% PET. PETG has almost the same glass transition temperature (Tg), 

deformation behaviour, and optical properties as PET, but it does not exhibit the 
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deformation-induced crystallization behaviour of PET at the production temperature [26, 

138, 193, 235]. 

Polycarbonate (PC) has excellent mechanical strength, low water absorption and 

transparency, making it a very suitable material for orthodontic applications. Its 

properties are very similar to those of polymethyl methacrylate (PMMA), but 

polycarbonate has higher mechanical strength and can be used in a wider temperature 

range [318]. Polycarbonate is also highly clear in the visible light spectrum and offers 

higher light transmission than many types of glass [129]. 

Polyurethane (PU) is another flexible polymer, which is resistant oil absorption and 

mechanical abrasion. Its properties are highly dependent on the raw materials which were 

used in production [55, 154, 177, 201, 202, 223, 252, 260]. 

Thermoplastic polyurethane (TPU) is one of the most universal engineering 

thermoplastics with elastomeric properties. TPU is easy to process, it has excellent 

physical properties, chemical resistance, abrasion resistance, adhesion properties [108, 

194]. 

The mechanical properties of dental polymers are influenced by many factors, such 

as structural factors (molecular and crystalline structures, etc.) and environmental factors 

(temperature, humidity, etc.). The polymers used are usually either amorphous or semi-

crystalline. Amorphous polymers usually appear clear because visible light can pass 

through them, whereas many semi-crystalline and crystalline polymers are opaque 

because they consist of a mixture of crystalline and amorphous phases with different 

refractive indices. The crystalline phase in semi-crystalline polymers can serve as a 

reinforcing mesh to improve mechanical properties in a wide range of applications. Low 

crystallinity polymers generally mean: high flexibility, high elasticity, good adaptation to 

tooth morphology. On the other hand, polymers have low tensile strength, low chemical 

resistance and stability [82]. Clinically, polymers with high flexibility and elasticity are 

more comfortable for patients when inserting or removing aligners. They also adapt better 
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to the complexity of tooth morphology and adhere perfectly to any surface. Compared to 

rigid material aligners, they also provide continuity of force reproduction during 

orthodontic treatment. 

Eight thermoplastic materials used for orthodontic appliances are listed in table 1. 

 

Table 1. Materials used in the manufacture of aligners 

EVA ethylene vinyl acetate copolymer 

PE polyethylene 

PETG polyethylene terephthalate glycol 

PP polypropylene 

PC polycarbonate 

A+ copolyether 

C+ copolymer of polypropylene and ethylene 

PUR polyurethane from methylenediphenyldiisocyanate and 1.6 

hexanediol, additive 

 

The tensile yield strength of the polymers under study can be distributed as follows: 

PC ≥ PUR> PETG ≥ A+> PP ≥ C+> PE ≥ EVA. This can be interpreted by the degree of 

crystallinity of the respective polymers. PC, PETG, A+, PUR as amorphous polymers 

show higher tensile yield strength than PP, C+, PE and EVA, which are semi-crystalline. 

In addition to the structural influence on the mechanical properties, the glass 

transition temperature (Tg) also plays an important role. Amorphous and semi-crystalline 

polymers, which behave similarly, have a lower Tg. Their mechanical behaviour is 

generally stiff and glassy. Above Tg, the behaviour of amorphous and semi-crystalline 

polymers changes partially. Amorphous polymers soften and can become flexible 

elastomers or even viscous liquids. Semi-crystalline polymers also soften and can become 
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flexible, depending on their degree of crystallinity [253]. Generally, the crystalline phase 

of a semi-crystalline polymer that is well above Tg can also disappear due to melting. 

This means that the mechanical properties of polymers with Tg at room 

temperature can be strongly influenced by changes in temperature. Another factor 

affecting the properties of polymers is the molecular orientation of the polymer chains. 

Thus, the mechanical properties of polymers depend on multiple factors, ranging 

from the phase state of the polymers (crystalline or amorphous), their water absorption 

capacity, their molecular orientation and their processing sequence, as well as their 

application conditions [28, 55]. 

A high modulus of elasticity is preferred for aligners because it increases the ability 

of aligners to transmit force under constant tension. In addition, materials with a higher 

modulus of elasticity can provide the same forces at a smaller size [31]. 

The thermoforming process affects the mechanical properties of clear aligners [31, 

61, 253]. 

After thermoforming, the yield strength and modulus of elasticity of the polymers 

studied were found to decrease. The authors attribute this behaviour to a decrease in 

molecular weight due to heat treatment, molecules orientation and rapid cooling, 

preventing further polymers crystallization and causing residual stresses. 

Ryu J. et al. investigated the effect of thermoforming on the physical and 

mechanical properties of clear mouthguard materials. They observed that the optical 

transparency, tensile strength and modulus of elasticity of the alignment materials 

decreases after the thermoforming process, while water absorption increases. Materials 

subjected to temperatures higher than their respective Tg can easily deform and reduce in 

thickness. The crystallinity of thermoplastic materials changes after thermoforming 

resulting in changes in mechanical properties. 
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Thus, these authors concluded that material properties such as transparency, water 

absorption and solubility, surface hardness, bending and elastic moduli as well as tensile 

and bending forces can change significantly after thermoforming [128, 254]. 

Although polyurethane is biocompatible, it is not an inert material as it is sensitive 

to heat, moisture and saliva enzymes. No by-products were detected after storage of 

Invisalign aligners in artificial saliva or ethanol solution for aging. In addition, no 

evidence of cytotoxicity or estrogenicity was detected at different aligners' eluents 

concentrations. This may be due to the material structure as it consists of polyurethane 

with the addition of methylene diphenyl diisocyanate and 1,6-hexanediol. The diphenyl 

structure provides stability and sufficient reactivity to form a polymer without any by-

products. In addition, unlike the aromatic rings in bis-GMA, the polyurethane has short 

rigid parts connected by short flexible joints and long flexible parts. However, in vitro 

test conditions may have underestimated the chemical material stability. 

Thus, a thorough literature analysis was carried out, the design of mathematical 

models available in studies by other authors was studied, in which most anatomical 

structures and elements (bone density difference - compact plate and porous bone tissue, 

paradental ligaments and homogeneity of tooth structure - without the enamel- dentin-

cement division) were taken into account. Nevertheless, it has to be stated that the 

proposed variants do not fit the goals and objectives [84, 123]. 
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1.3 Mucosa biotype significance in orthodontic treatment  

One of the main directions of modern dentistry is the oral mucosa biotype 

determination. This is important for developing an effective treatment plan and 

minimizing potential complications such as gingival recession. 

Gingival recession is a common gingival disease with different aetiologies and is 

manifested by a gingiva vestibular margin displacement in the apical direction with 

further exposure of the tooth root surface.  

Gingival biotype is defined as the mucosa thickness in the vestibular direction. 

Gingival biotype plays a key role in predicting success and preventing complications in 

orthodontic treatment [27]. Precise planning is therefore necessary, which gives 

predictable and stable results [7, 17, 155, 160]. If there is a wide area of keratinized 

attached gingiva, optimal periodontal health is maintained, preventing the spread of 

inflammation. If the keratinized zone of attached gingiva is not wide enough, it may lead 

to the development of destructive processes and the occurrence of recession. A certain 

correlation between the keratinized attached gingiva width and the periodontal biotype 

has been identified [268]. 

Most authors and clinical orthodontists divide the gingival biotype into two types: 

thick and thin.  

The thin gingival biotype is characterized by high interdental papillae with local 

proximal contacts.  

The average attached gingiva thickness is 1 mm.  

The thick biotype is characterized by smoother gingival contours, interdental 

papillae are short and wide, and the average thickness is 1.5-2 mm [328]. 

However, a number of authors believe that there is a transitional biotype of gingiva 

- medium [241, 263]. Authors characterize it as transitional between the thick and thin 

gingival biotype with an average value of 1.5 mm. Maria N. et al. conducted studies in 
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which they proved the impossibility to attribute the oral mucosa to any particular type, 

and introduced the definition of a mixed type, which includes a combination of several 

phenotypes at once [107]. The thin gingival biotype presents the greatest difficulty in 

treatment planning and obtaining a stable aesthetic and functional result due to its low 

collagen content and a smaller keratinized attachment zone than in the thick phenotype 

[27, 151]. According to the authors, the true-thin gingival biotype occurs in two thirds of 

patients [250]. 

In addition to the standard methods for determining the mucosa biotype for the 

entire oral cavity, a number of authors have observed that the difference in mucosal 

thickness on the maxilla and mandible is different. After measurements, a significant 

difference was found between the thickness of mucosa on the maxilla and mandible [38, 

86, 199, 215, 251, 289]. 

Thick and thin gingival biotypes exhibit differing histological structures, impacting 

orthodontic treatment planning and likelihood of complications. This issue is one of the 

most discussed and researched in the field of periodontics and affects all areas of 

dentistry. The methods for examining the gingival biotype also differ in each author 

according to their work and the possibilities of the least invasive and more efficient and 

provable way to determine the necessary correlations of complementation and gingival 

thickness. Also, depending on the need, different authors use gingival biotype 

classifications according to the procedures performed or out of personal preference, 

which in no way affects the manipulation performed by specialists [21, 50, 106, 109, 157, 

161, 172, 207, 209, 262]. 

In clinical practice, special attention is paid to the thin gingival biotype; in 

orthodontic treatment, patients with a thick mucosal biotype may develop a local form of 

periodontitis; in the case of a thin biotype, recession is much more likely, as loss of tooth-

end attachment leads to marginal inflammation and resorption of the alveolar wall.  
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“Colour-test №1”, which contains iodine, potassium iodide and base, is used to 

assess the degree of inflammation of the mucosa - the Schiller-Pisarev test. When the oral 

mucosa is inflamed, the amount of glycogen increases. The Schiller-Pisarev test is based 

on the ability of glycogen to stain when interacting with iodine-containing solutions  

To characterize the inflammation, a specially developed colour grading was used: 

the test is negative if the gum turns light yellow; weakly positive - when stained in a light 

brown colour; positive - when stained in a dark brown colour. 

Determining the Schiller-Pisarev test's numerical value 

To determine the inflammatory process depth, Svrakov L. and Pisarev Yu. 

suggested lubricating the mucous membrane with iodine-iodide-potassium solution. In 

areas with deep damage of the connective tissue are being stained. This appears due to 

the accumulation of a large amount of glycogen in inflammation areas. The test is 

relatively sensitive and objective. When the inflammatory process reduces or stops, the 

colour intensity and its area is decreased. 

When examining the patient, the gingiva is smeared with the specified solution. 

The degree of staining is determined and areas of intense gingival darkening are recorded 

in the examination chart, for objectification it can be expressed in numbers (points):  

staining of gingival papillae - 2 points  

gingival margin staining - 4 points  

coloration of the alveolar gingiva - 8 points  

The total score is divided by the number of teeth examined (usually 6). The iodine 

number is equal to the scores sum of each tooth divided by the number of teeth examined 

[278]. The evaluation of the Svrakov iodine number is shown in table 2. 
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Table 2. Schiller-Pisarev test digital value 

mild inflammatory process <2.3 points 

moderate inflammatory process =2.3-5.0 points 

intense inflammation =5.1-8.0 points 

 

The Papillary-Marginal-Alveolar Index (PMA) indicates the severity of 

periodontal tissue inflammation. The index can be expressed in absolute numbers or as a 

percentage. 

To determine the PMA gingival index, the gingiva is divided into three areas:  

Papillary (P), Marginal (M), and Alveolar (A).  

Numerical assessment of the inflammatory process is made as follows: 

Inflammation of the papilla - 1 point;  

Inflammation of the gingival margin - 2 points;  

Inflammation of the alveolar gingiva - 3 points. 

Evaluate the condition of the gingiva of each tooth. 

𝑃𝑀𝐴 =
[(∑ 𝑠𝑐𝑜𝑟𝑒) х 100%]

3 х (𝑡𝑒𝑒𝑡ℎ 𝑎𝑚𝑜𝑢𝑛𝑡)
 

An index value of up to 30% indicates a mild inflammatory process; 30-60% 

indicates medium severity of gingivitis; more than 60% indicates a severe pathological 

process [115].  

Before starting orthodontic treatment, it is necessary to ascertain the initial status 

of the orthodontic patient and his readiness for treatment. In most cases, if hygiene is 

unsatisfactory, the patient is taught oral hygiene and scheduled for the next visit to check 

hygiene indices. With poor oral hygiene during orthodontic treatment, complications 
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associated with inflammatory processes of the oral mucosa will occur. In addition, in the 

presence of oral mucosa inflammation, errors will inevitably occur in determining the 

oral mucosa biotype before the start of orthodontic treatment and, accordingly, in the 

choice of treatment tactics. According to Arsenina O. [2], only 10% of patients had an 

unsatisfactory status with signs of oral mucosa inflammation. At the same time, 

hyperaemia and gums swelling, bleeding during probing were noted. 27% of patients 

experienced periodontal complications during orthodontic treatment [8, 9, 11, 22, 40, 173, 

178, 257, 296]. 

 

1.4 Application of AI in segmentation of 3D models from CBCT data 

Cone Beam Computed Tomography (CBCT) is widely used in dentistry. It can 

record extensive information about the upper jaw and facial region. Thanks to the 

coordinates of voxels and grey value information, many details of the labelling can be 

effectively detected. CBCT has been used to detect bone density, resorption and 

enlargement in three dimensions. In implant dentistry, there are many methods to study 

bone repair and reconstruction [131]. In addition, periodontal conditions and tooth root 

shape are also attracting increasing attention [163]. The use of 3D segmentation and 

reconstruction technology is gradually being applied to restore the anatomical teeth 

structures and surrounding tissues. 

The modern development of technology has made orthodontics one of the fastest 

growing fields of dentistry [204]. All of this has been made possible by the significant 

evolution of 3D imaging equipment and the development of image processing techniques. 

The occurrence of aligners in 1997 has subsequently had a major impact on the 

development of orthodontics. These devices take into account the individual anatomy of 

the teeth and can perform tooth movement with optimal forces that are safe for the 

periodontium [203]. The teeth movements in this case are more physiological, and the 
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resulting therapeutic effect is most individualized and corresponds to the dental arches 

shape and the surrounding soft tissues. 

The rise of artificial intelligence has captivated the global research community, 

marking the past decade as a pivotal era of technological progress. Artificial intelligence 

has been embraced enthusiastically in every industry, including dental science [221]. As 

the amount of patients’ information and data grows exponentially, the need for advanced 

software to collect and store this data has become increasingly crucial. 

The field of digital dentistry is experiencing significant growth due to the rise of 

AI in health care. With the continual advancement of AI technology, we can anticipate 

that AI will have a substantial impact on dentistry in the future, offering numerous 

advantages for dental clinics and patients alike. Moreover, recent studies indicate that AI 

may significantly affect job markets by replacing or repurposing certain professions. By 

implementing AI tools in dentistry, the occurrence of human errors and costs can be 

significantly reduced. 

The use of a computer neural network (CNN) in orthodontic practice takes the 

treatment process to a higher level. The process of individualizing the aligners’ topology 

is taking place. 

Recent studies has shown that using convolutional neural networks in the case of 

computerized cephalometric analysis, the results are better than when performed 

manually by a radiologist or orthodontist [119, 184, 236]. Many studies on automatic 

identification of 19 cephalometric landmarks on x-ray cephalometric images have been 

described in the literature. 

It is shown that AI can automatically find anatomical landmarks on X-ray 

cephalometric images with a very high accuracy. The use of CNN on panoramic images 

in the future may be superseded by more informative three-dimensional CBCT 

examinations. This is due to the fact that the accuracy of two-dimensional images is 
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lower, and the price difference between three-dimensional and two-dimensional 

radiological examinations is becoming smaller. 

In preparation for orthodontic treatment, neural networks are used that can perform 

CBCT analysis and identify upper and lower jaw bone abnormalities, bone level, or the 

location of retained teeth. Digital model analysis is becoming increasingly important in 

orthodontics. Convergent neural networks are used to solve various tasks related to tooth 

segmentation and digital model analysis. Raith S. et al. [239] present a method to classify 

teeth with sufficient accuracy using an artificial neural network (ANN). This technique is 

also used in modern software. 

Digital models of teeth obtained with an intraoral scanner are a single object, like 

a plaster model. Therefore, each tooth must be separated (segmented) is a software. Once 

the occlusal plane is determined, each tooth is aligned by moving and rotating according 

to established algorithms and tooth movement norms. Currently, artificial intelligence 

methods are used to automate the process of tooth segmentation and alignment in digital 

set-up programs [282]. The Autolign software (Diorco.Co., Yongin, South Korea) 

automatically segments teeth and determines the front axis of the clinical crown (FACC), 

the most prominent part of the central lobe on the front surface for incisors and premolars, 

and the buccal sulcus for molars [39]. Once the FACC of each tooth is determined and 

the occlusal plane and desired arch shape are set, the alignment of the teeth is done 

automatically by the software. This type of software requires the user to view the axes of 

each tooth, set the occlusal plane and determine the arch shape before alignment, which 

can be considered a semi-automatic method of creating a clinical set-up. Fully automated 

software automatically segments and aligns teeth based on intraoral scan data. Outcome 

Simulator Pro software (Align Technology, Inc., Arizona, USA). Ortho Simulation 

(Medit, Seoul, South Korea) is another example of fully automated set-up modelling 

software. Similar to Outcome Simulator Pro, Ortho Simulation is built into the Medit 

intraoral scanner software and uses scans obtained exclusively by Medit, i500 and i700 

scanners. After importing the scan data, the clinician must identify the midlines of the 
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upper and lower teeth. The software then recognizes each tooth number and performs 

segmentation. With advances in artificial intelligence technology, digital set-up software 

is evolving rapidly, making it possible to automate previously manual tasks such as 

segmentation and tooth alignment. Previous studies have shown that digital set-up models 

performed manually by physicians have a high level of reliability [47, 149]. However, 

there have been no studies evaluating the effectiveness of automated programs for 

creating setups. 

The digital set-up model can visualize the final occlusion of the orthodontic 

treatment, making accurate diagnosis and treatment planning possible. In complex cases, 

such as tooth retention, it can be used in combination with other types of patient data, 

such as clinical photographs, radiographs and CBCT. It can also be used to virtually 

simulate surgical procedures for patients with skeletal malocclusions who are about to 

undergo orthognathic surgery [290]. 

To automate the tedious tasks that clinicians must perform, modern CAD/CAM 

technology for the digital set-up has been supplemented by artificial intelligence 

algorithms. Tooth segmentation is the most important task for the reconstruction of a 3D 

tooth model. Since digital models use tooth segmentation techniques in which the 

mesiodistal width registration and the tooth approximal surface depends on the surface 

data, so areas that are not scanned can be registered inaccurately [150]. 

Close contacts between teeth, misalignment, and crowding can make automatic 

tooth segmentation time-consuming and difficult [185]. Advances have already been 

made in automatic segmentation algorithms using machine learning and deep learning. 

Kim T. et al [167] proposed an automatic segmentation tool with reconstruction of 

missing interdental data for intraoral scanner using generative-adversarial networks and 

reported a high level of accuracy obtained (figure 1, 2). 
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Figure 1 - Anterior segment crowding on a three-dimensional model of the mandibular 

dentition 

 

Figure 2 - Missing data of interdental areas 

 

In contrast to the rather large number of studies in the field of automated dental 

segmentation, little research is devoted to algorithms for automated tooth alignment. 

Fully automated software is stated only for consulting purposes. 

A key problem is the heterogeneity of human morphology and different cultural 

norms of aesthetics, which can significantly influence the therapeutic process. Each 

patient has a different set of illnesses, uses different medications, suffers from genetic 

diseases, past trauma, and hospitalizations, leading to a variety of therapeutic 

combinations [203]. After collecting the patient's medical history, examining the patient, 

and performing additional studies such as diagnostic models, CBCT, and cephalometric 

radiographs, an individualized treatment plan is prepared. Sometimes the patient may not 

agree to the proposed treatment plan [245]. Then, the orthodontist may suggest an 

alternative treatment plan, which further increases the number of therapeutic 

combinations. Another problem is patient compliance. The resulting therapeutic effect 
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depends on the patient's cooperation and may not be sufficient due to poor oral hygiene, 

improper aligners use and care, and also due to insufficient long-term appliance wear 

[120]. 

Neural networks, inspired by the human brain's structure and function, are a 

collection of algorithms designed to uncover hidden patterns in data. These networks, 

composed of interconnected neurons, can be either organic, found in the human brain, or 

artificial, created through algorithms [292]. 

Most neural networks (NN) are limited to performing only one regression or 

classification task at a time. However, multiple NNs have the ability to simultaneously 

carry out multiple tasks of this nature. While in the majority of cases, the network will 

have a single output variable, in complex classification problems; it may involve multiple 

output units (which are then mapped to output variables during the post-processing stage). 

The artificial neural network (ANN) relies on various critical elements such as the unit's 

input and activation functions, network design, and the weight assigned to each input link 

[63]. 

If the initial two features remain fixed, the artificial neural network (ANN) 

behaviour is solely influenced by the current values of its weights. Initially, the weights 

of the training network are assigned random values, and subsequently, instances from the 

training set are exposed to the network at regular intervals. The input values for each 

instance are inputted into the input units, and the network output is compared to the 

desired output for that particular instance. Following this, the weights within the network 

are adjusted accordingly. 

In order for the neural network to solve orthodontic problems effectively, an 

appropriate amount of patient data must be uploaded. In the case of rare anomalies, the 

amount of data available will not be sufficient for the AI to recognize them, which will 

take a long time for the neural network to be able to solve clinical problems at the same 
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level of efficiency as the orthodontist. The last problem in training a neural network is the 

time the orthodontist has to spend annotating DICOM, JPG, PNG, and STL files. 

The current application of convolutional neural networks in orthodontics highlights 

the wide range of applications of deep learning methods. The results of our research 

indicate the significant superiority of deep learning methods in orthodontics over other 

high-performance algorithms. Based on these results, deep learning methods are expected 

to play an important role in the field of orthodontics in the future. 

There are certain protocols for force calculation methods for the fabrication of 

aligners. These protocols also develop special elements for aligners, the so-called 

attachments, which are subject to continuous improvement [138, 272]. With the advent 

of new examination methods, computerization and data processing, treatment protocols 

are being developed that allow the best possible simulation of the hardware (aligners, 

beneslider, hirex) [297]. However, now, some examination techniques need to be refined. 

In orthodontics and periodontics, there are methods to study the development of 

bone resorption and recession. Al-Zahrani M. et al. [36] and Chen Y. et al. [77] used CT 

data to analyse the progression of periodontal disease. The patient's alveolar bone might 

have resorption due to the disease progression and may result in the displacement or 

weakening of several teeth surrounding tissues. Thus, CBCT can provide information 

about bone tissue to help clinicians detect signs of periodontitis. Precise tooth 

segmentation can be used to analyse changes in periodontal disease such as periodontal 

ligament and bone resorption of a particular tooth. 

In orthodontic treatment, physicians typically use medical imaging software such 

as MIMICS (Materialize, Belgium) and AMIRA (Thermo Fisher Scientific, France) to 

segment teeth and bone. According to the segmentation results, doctor can create several 

relevant clinical treatment plans. The software can implement automatic threshold 

segmentation based on grey density values, but automatic segmentation cannot 
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implement full tissue segmentation. Deep learning is a branch of artificial intelligence 

that has many advantages for fast and accurate data analysis. 

There are three types of tooth segmentation methods: the threshold method, the 

active contour model method, and the neural network method [140]. The threshold 

method is based on different grey values between the tooth and the periodontal ligament. 

The main issue for this process is to obtain the optimal threshold differences; however, 

the optimal threshold for different samples is different. Therefore, for different samples, 

the optimal threshold should be re-examined. Heo H. et al. proposed an optimal threshold 

scheme for tooth segmentation [139]. However, the tissue near the tooth root is complex, 

making it difficult to distinguish alveolar bone from the root using a single threshold 

range. Akhoondali H. et al. proposed a fast and automatic segmentation method using the 

region augmentation method [30]. Since the grey values of cancellous bone and cortical 

bone close to the root are the same, the teeth cannot be segmented automatically. The 

active contour method is an interactive segmentation method based on contour 

reconstruction. Tooth contours are indicated by the shortest diagonal method or levelling 

algorithm, and the 3D tooth model is a reconstruction of the tooth contour [37, 46, 101, 

113]. A study of tooth segmentation combining morphological features showed that the 

actual measured root mean square value is 0.39 mm, which is less than 0.4 mm [307]. 

Lee S. et al. [182] used a histogram-based method as a pre-processing step to 

calculate the average level of grey density in the bone and tooth regions. Simultaneously, 

they developed a posterior probability function (PPF) with CNN models to improve 

segmentation performance. The experimental results showed that the proposed method is 

better than the existing methods. In addition, Lee M. et al. examined the effect of metal 

artefacts during segmentation by adjusting the position of the teeth, marking all layers of 

two CBCT samples and five layers of other CBCT, and then sequentially moving to the 

teeth. The results showed that the used convolutional neural networks can reduce the area 

of mutual overlap between blocks [78]. 
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Since the values of the Hounsfield units (HU) of different CBCT images are 

inconsistent, various methods of segmentation correction are used during segmentation 

[228]. This study used a U-net model to segment CBCT data for dental hard tissues, pulp 

cavity, cortical bone, and cancellous bone simultaneously. Generative adversarial 

networks (GANs) can be applied to medical images as training samples to eliminate the 

over-learning problem [76]. 

1.4.1 Deep learning 

Deep learning (DL) is a subset of machine learning that allows you to extract 

relevant features from data. These models are based on artificial neural networks with 

several consecutive layers: input, output and hidden layers to mimic the human brain 

functioning. DL is an important tool for data scientists because it allows them to make 

quick decisions and perform calculations. DL has now achieved high performance in a 

variety of applications, including the segmentation of cranial bone structures and 

individual teeth. 

This section provides basic information about DL networks and model training 

methods. In addition, various metrics are described that are used to quantify the 

performance of automated segmentation algorithms. 

 

1.4.2 Segmentation of medical images 

1.4.2.1 Convolutional neural networks 

Convolutional Neural Networks (CNNs) are well-known deep neural networks 

used for image analysis. They have made great strides in the field of diagnostics. A typical 

CNN contains an input layer, a stack of functional layers, which typically includes 

convolutional layers, pooling layers, and fully connected layers, and an output layer. 

Basically, each convolution applies an n x n kernel (for a two-dimensional input)  
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or an n x n x n kernel (for a three-dimensional input). This operation is especially useful 

for getting local templates, i.e. visual elements in images. The convoluted output then 

goes through batch normalization (BN) [152], followed by a non-linear activation 

function to perform feature map extraction, then down sampling by layer merging to 

capture a larger field of view. Further, fully connected layers are used to reduce the 

dimension of features and achieve high-level reasoning [117, 141, 152]. The final result 

is a fixed-size vector, where the shape of each element depends on the specific task (object 

localization, image classification, regression, patch-based segmentation, etc.). Increasing 

the depth (laying many hidden layers) may or may not significantly improve accuracy, 

depending on the problem complexity. 

CNN can be used for image segmentation problems [169, 213, 321]. However, for 

this task, each input image must be patched and then the CNN must be trained to predict 

the class label of each patch's central pixel. The result is a pixel segmentation map for the 

entire image by sending patches at various positions in the CNN for classification. For 

reliable pixel segmentation, a fully convolutional neural network (FCN) is most 

commonly used. 

1.4.2.2 Fully convolutional neural networks 

Fully convolutional neural network (FCN) is a variant of CNNs that Long J. et al. 

[266] proposed for image segmentation. They are pioneering networks of the most 

advanced DL techniques for volumetric segmentation of medical images [146, 249, 321]. 

For example, Zhou X. et al. [321] segmented anatomical structures on 3D CT 

segmentation images of several 2D FCN slices and achieved promising results contrary 

to expert predictions by many. FCNs have an encoder-decoder architecture. The encoder 

converts the input image into a high-level representation object. The decoder then 

interprets these feature maps and extracts spatial information for pixel prediction. 

Compared to segmentation-based segmentation CNN, FCN is trained on entire images, 

without requiring region selection. To improve segmentation accuracy, many FCN 
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variants have been introduced. U-Net [247] is the most common FCN variant for 

biomedical image segmentation. It uses the missing connections between the up-sampling 

and down-sampling paths to recover from the loss of spatial context, providing accurate 

segmentation. 

The promotion of U-Net has become a central event in the segmentation of medical 

images. Various works on image segmentation described in the literature are based on U-

Net and its 3D variants (3D U-Net [79] and 3D V-Net [210]), which provide high 

segmentation accuracy [275, 300]. Based on FCN, Badrinarayanan V. et al. [43] proposed 

an encoder-decoder architecture called SegNet for image segmentation. While SegNet 

passes the maximum union indices to the layers with increasing sampling, FCN studies 

deconvolution filters to increase sampling (i.e. adds a relative map of objects from the 

encoding phase). 

1.4.2.3 Recurrent neural networks 

Recurrent neural networks (RNNs) are artificial neural networks used to process 

sequential data, such as ultrasound image sequences and MRI [325]. RNNs store the 

previous output data and use their internal state to make a decision when processing the 

next input data. The fusion of RN and 2D FCN is widely used in the segmentation of 

medical images to improve the intersectional coherence of the generated segmentation 

[233]. 

1.4.2.4 Autoencoders 

Autoencoders (AE) are unsupervised neural networks, which are learning for 

compact hidden representations from input data. The architecture of a classical 

autoencoder contains two main networks: an encoder network that compresses the input 

data and produces code and a decoder network to reconstruct the data back into the input 

dimension using that code. Since the representations under study typically include useful 

information, a group of researchers have used autoencoders to extract common semantic 
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features and shape information from the raw data to guide heart image segmentation [219, 

314]. Oktay O. et al. [219] developed a residual convolutional network model to recover 

3D volumes from a full stack of 2D images for better image analysis. 

1.4.2.5 Generative-adversarial networks 

Generative-adversarial networks (GANs), proposed by Goodfellow I. et al. [124], 

are based on generating a model for creating new synthetic images. GANs in the learning 

process are taught to generate using two competing networks competing with each other: 

generator networks and discriminator networks. The generator is designed to artificially 

create fake images based on the random noise it receives, while the discriminator is used 

to determine whether the image is “real”. GANs are successfully applied to segmentation 

tasks. The segmentation network replaces the generator. The discriminator is necessary 

in order to distinguish the generated segmentation maps from the gold standard maps 

[196, 258]. Lau F. et al. [179] proposed ScarGAN to simulate a certain area of an object 

and artificially increase training sets using the GAN chain. Training U-Net with simulated 

tissue scans yielded more accurate test image segmentation (80.5% vs. 75.9%). 

1.4.2.6 Advanced building models 

Recently, a group of researchers have implemented advanced plotting modules to 

explore improved features for accurate image segmentation. These modules have been 

widely used to improve the efficiency of image segmentation in previous neural networks. 

Therefore, we can talk about three different types of modern methods:  

a) extended convolutional blocks for a multi-level set of functions (for 

example, deep control [181] initial modules [271], extended convolutional cores 

[312], extensive integration of spatial pyramids [72]);  

b) adaptive convolutional cores to capture the most relevant functions (for 

example, attention blocks [283], compression and excitation blocks [145]); 
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c) interlayer connections to restore previous functions in the following layers 

(for example, residual connections [135], dense connections [34]). 

1.4.3 Training neural networks 

The learning process is the most difficult stage in the dl methods due to the 

calculations complexity and the configuration required to perform them. This process 

requires a data set that includes paired images and fundamental truths, an optimizer and 

a loss function. The model training is aimed at obtaining the best network parameters to 

reduce the loss function. 

1.4.3.1 Gradient descent Optimizer 

A deep network contains millions of parameters representing a mathematical 

solution to such a problem. The trained network adapts to the learning process according 

to a certain set of parameters by optimizing many network attributes. In particular, 

gradient descent is an optimization algorithm to reduce the loss function. Various gradient 

descent optimizers have been developed (for example, Momentum SGD [237] AdaGrad 

[90], Adam [168]). 

1.4.3.2 Loss functions 

During the training process, the network error is reduced using the loss function, 

which evaluates how well the training algorithm matches the data set. For this purpose, a 

suitable loss function is required to design and configure the network. Given a series of 

paired images and labels {(xi; yi): i = 1...; N}, the network learns the mapping link x -> 

y. Thus, it predicts the result (ˆy) as close as possible to the fundamental truth (y). 

Mean Squared Error Loss (MSE), also known as L2 loss, is the default loss 

function for regression tasks such as image reconstruction, localization of teeth or bone 

pathologies. MSE is defined as: 

LMS E=
1

𝑁

1

𝑁
∑ (𝑦𝑖 − ˆy𝑖)2𝑛

𝑖=1
, 
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where yi, ˆyi denote the vectors of the gold standard and predicted values, N 

represents the number of dataset samples. 

Cross entropy (CE) is the most commonly used loss function for image 

classification and segmentation tasks. With multiclass segmentation for each class, this 

loss resumes pixel-by-pixel probabilistic errors between the actual gold standard map and 

its relative predicted result. 

Specifically, for image segmentation, several researchers used the soft-Dice loss 

function [210], which is so penalized for the discrepancy between the actual gold standard 

map and the corresponding predicted segmentation at the pixel level. 

Moreover, various variants of cross-entropy and soft-Dice loss functions (for 

example, weighted cross-entropy loss [49, 156] and weighted soft-Dice loss [166, 309]) 

are widely used to solve class imbalance problems in medical image segmentation tasks 

in which the loss value is weighted taking into account infrequent categories. Several 

other DL networks use hybrid losses in which various loss functions are combined (for 

example, focal loss [73], soft-Dice loss and weighted cross entropy) to alleviate the 

problem of class imbalance and thus improve the quality of segmentation performance 

[310, 311]. 

1.4.3.3 Reduce over-fitting 

Weight initialization [122, 136, 211] is an important concept choice, the purpose 

of which is to prevent the disappearance or output data explosion of level activations in 

the process of direct transmission of DL networks. 

Dropout [141, 270], a regularization method that avoids retraining by randomly 

deleting some nodes in DL networks at each iteration of training, is one of the widely 

used functions to improve network efficiency. 
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Data augmentation [69, 317] is an effective method used in model training, where 

it increases the amount of input data by artificially generating training images by applying 

a set of affine transformations to existing data. 

Transfer learning is a deep network method that aims to reuse a model pre—

trained on existing large datasets, using its knowledge gained for this task. The model can 

converge quickly even with limited data. Several studies have shown the potential of 

transfer learning in improving the generalization ability of the network for cardiac 

ventricles segmentation [74, 99, 166]. 

1.4.4 Evaluation indicators 

Indicators such as quantitative accuracy, output time, and memory usage can be 

used to evaluate the effectiveness of segmentation methods. In addition, Dice similarity 

coefficient or Hausdorff distance are often used to assess geometric similarity, which have 

proven to be good indicators for assessing geometric similarity. In this task, the volume 

difference indicator was calculated to evaluate myocardium 3D segmentation in order to 

visualize the approach effectiveness in terms of volume. With the help of quantitative 

indicators, several methods can be compared against benchmarks (manual contouring), 

qualitative results are important for deciding which method is the best. 

1. Dice similarity coefficient (DSC) is a fairly well known indicator when 

checking the segmentation of medical images. It is commonly used to calculate the 

similarity between predicted maps and gold standard maps. The range of its values is from 

0 (mismatch) to 1 (excellent match). 

DCS = 2 
|𝑃 ∩ 𝐺|

|𝑃|+|𝐺|
 , 

where P, G denote predicted maps and gold standard maps, respectively 

2. Hausdorff distance (HD) [208] calculates the degree of similarity between two 

sets of points: the distance between two boundaries of the gold standard and the predicted 
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segmentation. This is an additional statistic to the DSC. HD identifies segmentations with 

large local differences, although they were well segmented. A lower HD value reflects a 

higher segmentation performance. The indicator is defined as follows: 

 
, 

where P = {pi : i = 1; ...; Np}, G = {gj : j = 1; ...; Ng} denote the predicted maps 

and gold standard maps, respectively, d represents the distance between pi and gj. 

3. Absolute Volume Difference (AVD) measures the average difference across a 

whole set of slices between the predicted volume and the gold standard. 

Thus, DL caused a research boom and became the engine of development in the 

field of image processing. Various neural networks and several methods of model training 

are described above. A brief overview of the estimated indicators for image segmentation 

is given. 

 

1.4.5 Modern methods of segmentation of medical images 

Segmentation of medical images, i.e. the separation of an image into several 

specific sets of organs or affected organs using medical imaging techniques, is one of the 

most important tasks in the analysis of medical images, which helps doctors in making a 

diagnosis and making important decisions. In previous years, many researchers have used 

DL-based networks to segment medical images [70, 110, 133, 212, 231, 249, 280, 301, 

303, 313, 315, 322]. Automated segmentation has surpassed the accuracy of classical 

segmentation methods, including the threshold value method [302], the boundary-based 

method [80] and the region-based method [132]. 

Tao S. et al. proposed a method of segmentation of dental images using the U-Net 

network, the attention module, SAP and CE modules. The experimentally demonstrated 

upgraded network showed better performance and efficiency of segmentation, which 
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eventually led to clearer tooth contours, which contributed to better diagnostics. The 

proposed method is intended only for segmentation of dental images and is not applicable 

in other areas [276]. 

Complex segmentation of the cranial bone structures (lower jaw and upper jaw) on 

computed tomography (CT) is necessary for diagnosis and treatment planning during 

surgical interventions in the skull and face, in orthodontics, as well as in therapy and 

endodontics. Traditional manual segmentation is time-consuming and complex due to 

such craniofacial region bones properties as a variety of anatomical structures, due to the 

low contrast of soft tissues and due to distortions caused by metal structures. However, 

segmentation methods, including deep learning, require a large and consistent data set, 

which in turn creates difficulties in their clinical applications precisely because of the 

limited amount of data. Various studies have proposed deep learning approaches for 

automatic segmentation of the lower and upper jaws on CT images by combining 

multicentre datasets. In Park S. research. Four multicentre datasets obtained under 

different conditions were used to create a scenario in which the model was trained on one 

dataset and evaluated on other datasets. A hierarchical, parallel and multiscale residual 

data block for U-Net (HPMR-U-Net) was developed for the neural network [293]. To 

evaluate the performance, segmentation was performed with its own data set and with 

external data sets from multicenters in comparison with three other neural networks: U-

Net, Res-U-Net and mU-Net. The results indicate that the performance of HPMR-U-Net 

segmentation is comparable with other models, with excellent data compatibility [224]. 

Before using the CT data, their pre-processing is applied. A deep learning approach 

is used to reduce the impact of artefacts created by metals (MAR) on dental CT images. 

It includes training a segmentation network for metallic objects, correcting projection data 

using a segmented area, merging corrected and original CT images, and replacing metallic 

areas in the original projection data. The proposed method surpasses traditional methods 

of post-processing of data based on segmentation of metals in the area of CT images 

[137]. 
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1.4.5.1 Common DL architectures for medical image segmentation.  

2D U-Net. Based on the FCN architecture, Ronneberger O. et al. [247] proposed a 

U-Net network for segmentation of biomedical images. This model includes a U-channel 

consisting of two paths of analysis (narrowing) and synthesis (expansion), as well as pass-

through connections connecting the layers of the narrowing path with their expanding 

counterparts to provide them with the most important high-resolution functions. The 

network architecture uses two 3x3 convolutions, followed by a reactivation function and 

a maximum merge operation to reduce the size of the hidden image. The process is 

repeated until a single feature vector is obtained that is useful for reconstructing an image 

with probabilistically classified pixels for accurate segmentation by including the 

transmitted output data during the analysis path. The proposed network simultaneously 

combines low-level object maps to improve accuracy with high-level object maps to 

extract complex objects. 

Due to its outstanding efficiency, U-Net and its variants (integrating new modules 

and other concepts) are widely used in many areas of computer computing [49, 125, 316, 

320, 326]. For example, Gordienko Y. et al. [125] used a U-Net-based network for lung 

segmentation using X-ray scanning. Their design provided fast and accurate image 

segmentation. Farrag N. et al. [102] compared several automated integrated systems for 

sample segmentation on native and contrast-enhanced T1 maps. These authors proved 

that the U-Net architecture achieved better results than Dense Nets and Attention Nets, 

which indicates the reliability of the U-Net-based method in clinical applications. 

 

1.4.5.2 2.5D methods 

Some networks performing medical image segmentation are based on 2.5D 

approaches. These approaches take advantage of 3D segmentation by integrating (partial) 

3D information to improve segmentation, taking into account that this avoids problems 

with high memory consumption. One of the most common methods involves using a 2D 
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CNN ensemble to analyse three orthogonal views from different directions (i.e., axial, 

coronary and sagittal views). [234]. This 2.5D approach has richer spatial information 

about neighboring pixels with lower computational costs than 3D [320]. These studies 

have demonstrated slightly improved accuracy compared to 2D. Since a 3D volume is a 

stack of adjacent 2D slices (a 2D image with adjacent slices), other alternatives have 

integrated information about adjacent slices to create a three-dimensional temporal 

context to improve segmentation performance. For example, Ganayem P. et al. [114] 

connected adjacent slices to the central one as different input channels. Some authors 

have investigated a 2.5D design system combining 2D and 3D methods [305, 308]. 

Zheng Q. [319] used a U-Net-based architecture that provides spatially consistent 

results for the entire volume by spreading segmentation across slices to perform 2D 

segmentation. Moeskops P. et al. [213] proposed a 2.5D approach to assess whether a 

single CNN can perform multiple segmentation tasks. The authors proved this concept 

using several methods (for example, brain MRI, breast MRI and CT heart angiography) 

for each of the three segmentation tasks. Their results showed that such a system could 

visualize a variety of anatomical structures using several methods without special 

training. Other 2.5D approaches offered hybrid image segmentation using the DL 

network combined with statistical shape modelling. For example, Wang C. and Smedby 

O. [291] correlated the output of orthogonal 2D U-Nets with a preliminary volumetric 

shape for a better outline. 

1.4.5.3 Fully volumetric approaches (3D approaches) 

The following describes two modern networks based on 3D data processing. Most 

of the authors have expanded the basic idea of 2D approaches and modified it for a more 

multidimensional space [79, 88, 210]. Compared to 2D and 2.5D approaches, three-

dimensional images can provide complete 3D information in various orientations, rather 

than in one or three orthogonal views. However, these 3D networks face major challenges 
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due to their increased need for resources, stemming from the larger spatial parameters 

within the model, ultimately limiting their applicability. 

1.4.5.4 3D U-Net 

One of the most well-known variants of the U-Net architecture, complementing it 

with the most complete information about spatial consistency, is 3D U-Net, proposed by 

Çiçek Ö. et al. [79]. The authors expanded the U-Net architecture by replacing 2D 

operations with their volumetric counterparts. The proposed algorithm provided dense 

volume segmentation based on the studied sparse 2D annotations. He tightly segmented 

the new data. Extensive results have demonstrated its effectiveness in complex and highly 

variable 3D structures. 

The emergence of 3D U-Net is of great interest for the processing of three-

dimensional images. Many volumetric segmentation methods reuse the three-dimensional 

U-Net model [49, 100, 153, 227, 309]. For example, Fahmy A. et al. [100] proposed a 3D 

model based on U-Net with a sliding window for processing large stacks of input data. 

Yang X. et al. [309] developed a fully automatic network for segmentation of the sample 

structure. Their network is similar to [79], but they replace (the concatenation operator) 

the union operator with the Residual Module Residual Unit (ResU). Deep control 

feedback and learning transfer are used to improve the learning process. Using the 

Similarity Coefficient of Multi-class Dice (Multi-class Dice Similarity Coefficient), this 

network has achieved promising results. 

1.4.5.5 V-Net 

In paper [210], a V-Net model is proposed for segmentation of MRI volume based 

on volumetric CNN. The contribution of the authors is the creation of a new objective 

function based on DSC. They also used 3D convolutions with a core size of 2x2x2 and a 

step of 2. Convolutions replaced unions with a predominantly smaller amount of memory. 

The non-linearities of PReLU [136] were used throughout the model. Similar to [247], 
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the features extracted from the compression path were extended to the decompression 

path to obtain detailed information, which gives a two-channel volumetric segmentation 

on the last convolution layer. 

The experimental evaluation demonstrated that the V-Net model achieved good 

results in the data set of test tasks [187]. For example, Vesal S. et al. [285, 286] conducted 

numerous experiments and performed interesting comparisons of V-Net, 3D U-Net and 

several variants of the latter, including a multi-stage approach, for multiclass 

segmentation in the ACDC dataset. Gibson E. et al. [118] proposed an architecture based 

on deep learning, known as DenseVNet, with a large receptive field for segmentation of 

eight organs. Compared to [210], DenseVNet obtained significantly higher DSC scores 

for all organs. 

 

1.4.5.6 FCN-based segmentation 

Tran P. [279] used FCN [267]. Their automated FCN-based method has achieved 

significant segmentation efficiency compared to classical methods in terms of speed and 

accuracy. Many more advanced FCN-based studies have been developed to achieve 

significant improvements in segmentation efficiency. Indeed, a lot of research has been 

done to optimize the architecture of the model in order to improve the learning potential 

of functions for segmentation [83, 99, 156, 166, 183, 316, 323]. For example, [166] is 

offered a dense U-Net with initial modules to combine large-scale capabilities for 

accurate image segmentation with wide anatomical variability. In [233] Poodle R. et al. 

developed a repeating FCN (RFCN) based on GRU, a type of LSTM [142], and FCN 

networks to study image representations from 2D image stacks and perform 

segmentation. RFCN combines detection and segmentation into a unique architecture. In 

numerous papers [73, 156, 256, 309] several loss functions have been proposed (for 

example, weighted cross entropy loss, weighted Dice loss and focal loss) for better 

segmentation. Due to motion artefacts in cardiovascular magnetic resonance (CMR) 
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scanning that limit the applicability of 3D segmentation approaches [49], most FCN-

based networks use 2D architectures that do a better job in these cases. 

 

1.4.5.7 Temporal and spatial consistency 

Since 2D networks are used to process each 2D slice of an entire volume, instead 

of 3D volume, the main disadvantage of using 2D segmentation networks is that they 

work in layers without studying intersectionality dependencies. Thus, 2D models may not 

be enough to segment teeth into sections where the boundaries are not strongly delineated. 

Numerous studies have used additional contextual information such as preliminary forms 

[71, 326] to overcome this problem and thus improve 2D FCN segmentation. Several 

other methodologies have used recurrent neural networks and multi-slice models (2.5D 

models) [227, 233, 320] to introduce spatial constraints to improve slice stack 

segmentation. These models are also used to extract spatiotemporal information on 

cardiac cycle frames to improve segmentation efficiency [238, 258, 298, 306]. 

 

1.4.5.8 Anatomical limitations 

When using only standard loss functions in the learning process, it may not be 

possible to extract the features of the corresponding anatomical structures. Thus, in 

various works, the advantage of integrating anatomical constraints at the training stage 

for ideal model prediction has been studied. These constraints, presented in the form of 

regularization conditions to account for prior knowledge (for example, topology [81], 

contour [71] and shape [220, 311, 327]), force the model to produce more accurate 

segmentation results. For example, Oktay O. et al. [220] proposed an anatomically 

constrained neural network model that includes prior knowledge of CNN-based 

segmentation using an autocoding network. Its output data is forcibly aligned with the 

nonlinear compact representation underlying the anatomy. Zotti C. et al. [327] developed 
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a GridNet-based network that first integrates the shape of an object to aid kinetic 

segmentation. In contrast to these models, Painchaud N. et al. [222] developed a 

variational AE (VAE) to refine the network output by correcting anatomically 

implausible segmentation masks at the post-processing stage. 

1.4.5.9 Multi-stage models 

Various automated networks have been developed using a multi-stage pipeline, 

dividing the main task of segmentation into subtasks [186, 274, 287, 288, 299, 320]. An 

important step in the segmentation method is the automatic localization of the target 

structure in the MRI volume for segmentation of slices based on the localization result, 

which reduces computational complexity. For example, Vesal S. et al. [287] initially 

estimate the density of the map that localizes the structure of interest, then the second 

stage of modelling (segmentation) focuses on the regions of interest (ROI). Their network 

achieves better segmentation efficiency than previous segmentation methods based on 

convolutional neural networks. In addition, the Omega-Net developed by Vigneault D. et 

al. [288] includes several stages: first, the initial segmentation on the input image is 

achieved. Then the features studied at this initial stage are used to predict the parameters 

needed to transform the image into a canonical orientation. Finally, the transformed image 

is segmented. 

1.4.5.10 Hybrid approaches to segmentation 

Some approaches focus on DL fusion methods with traditional segmentation 

methods, such as deformable models [41, 206], graph-cut segmentation algorithms [195] 

and level set methods [89, 217] for better generalization. DL models are used to extract 

informative features and initialization stages in order to minimize dependence on manual 

interaction and achieve higher segmentation efficiency. The derived shape is integrated 

into deformable models to achieve a good compromise for a more accurate segmentation 

result. Similarly, Ngo T. et al. [217] applied the Deep Belief Network (DBN) to develop 

a level determination method for accurate segmentation. 
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Chapter 2. MATERIALS AND METHODS 

Research was conducted using software and modern medical equipment. An 

algorithm was developed and a flowchart was presented reflecting the stages of the 

Invisalign treatment protocol. Each stage was conducted independently: obtaining digital 

jaw models using an intraoral scanner, analysing CT data, photo protocol, determining 

the oral mucosa biotype. An oral mucosa digital map of each patient was compiled. The 

aligners’ topology was analysed using the finite element method. The results obtained at 

the processing stage were combined into a unified model. The results of these studies 

became the basis for making changes to the stages of laboratory work. The developed 

treatment protocol contained optimized orthodontic structures and their three-

dimensional models. Individual treatment plan modifications scaled with the 

orthodontist's assigned tasks. A modern comprehensive orthodontic treatment protocol is 

presented in figure 3. This flowchart represents a digital orthodontic treatment protocol 

with a workflow visualization and the ability to choose the sequence of studies to achieve 

the set goals. 
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2.1 Protocol for obtaining three-dimensional models of dental arches 

Preparation for scanning was performed using proposed forms for patient data in 

digital form in the software 3Shape TRIOS Design studio (Copenhagen, Denmark) and 

Planmeca Romexis® CAD/CAM (Helsinki, Finland), in which patient data was filled in, 

an individual number was assigned, which is subsequently used in the study when 

working with anonymous data.  

The preparation algorithm for the scanning equipment 3Shape trios 3, iTero® 

Element™, Planmeca Emerald S was performed, the scanning of two jaws was selected 

and the scanning process was performed. 

The intraoral scanning was performed in accordance with the algorithm proposed 

by the manufacturers and the recommendations of specialists. 

In connection with the peculiarity of obtaining, processing and optimizing the shell 

of three-dimensional models, it is imperative to perform a manual inspection of each 

model in the Meshmixer software. During which bridges of individual polygons were 

identified, removed and filled with a curved surface. This is an important criterion for the 

software, without which the process of processing and segmentation of models will be 

impossible. 

The models have extraneous areas removed, and final edge processing was 

performed to continue working in the software. 

The pre-setting of digital models of dental arches was performed according to the 

algorithm in accordance with the instructions of the software manufacturer. Manual 

segmentation and positioning of tooth axes are also performed according to the algorithms 

prescribed by the manufacturers of Maestro Ortho Studio 5 software. 

Tooth movement modelling was performed segmentally according to algorithms 

for combining the movement of individual teeth. 
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The movement of one aligner step is limited to 0.25 mm of bodily movement or 2 

degrees of rotation. 

Combinable simultaneous tooth movements: 

1. Rotation and uncontrolled inclination (TIP) 

2. Rotation and mesio-distal movement 

3. Rotation and intrusion 

4. Vestibulo-oral movement and intrusion 

5. Uncontrolled inclination and intrusion 

6. Vestibulo-oral movement and mesio-distal movement 

7. Uncontrolled inclination and mesio-distal movement 

8. Vestibulo-oral movement and uncontrolled inclination 

Incompatible movements: 

1. Rotation and vestibulo-oral movement 

2. Rotation and extrusion 

3. Vestibulo-oral movement and extrusion 

4. Uncontrolled inclination and extrusion 

5. Mesial-distal movement and extrusion 

Attachments were modelled according to the Invisalign protocols [Insider's Guide 

to Invisalign Treatment]. 

Additional elements are installed according to algorithms. 

1. Movement of third molars 

2. Elimination of diastema more than 6 mm 

3. Elimination of crowding with lack of space more than 6 mm 

4. Treatment of vertical incisor disocclusion more than 3.5 mm 

5. Treatment of deep incisor occlusion of anterior teeth 2.5 mm 

6. Closing of molars and canines by class II more than 5 mm 
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7. Elimination of closure of molars and canines by class III more than 4 mm 

8. Closing of gaps after removal of molars and premolars. 

 

Virtual models of aligners were created in Autodesk Meshmixer (Autodesk Inc., 

San Rafael, California). The trimming area was performed by selecting polygons with the 

brush tool and extruding the polygons by 1 mm. The model's polygons were then 

extruded, replicating the contact surfaces of the teeth, soft tissues, and aligner. To 

maintain these contact surfaces undistorted, manual smoothing of overhangs and 

individual polygon removal was performed. 

The creation of pontics and reinforced beam pontics is carried out according to the 

same algorithms as the aligner modelling. 

 

2.2 Creating 3D models for finite element analysis 

 In the aligners’ virtual model simulation, physical properties of the PET-G 

material were taken and entered into the ANSYS Workbench 2019 R1 software 

environment (ANSYS V.18; ANSYS Inc., Canonsburg, USA). Hyperplasticity properties 

were taken from the values given by the manufacturer for 22oC (Cristal PET-G; Bio-Art, 

Brazil). Density (1314.8 kg m^-3) and Poisson's ratio (0.31) were taken from the data 

table, isotropic elasticity was calculated from values of Young's modulus (2000 MPa) and 

tensile strength (26 MPa). 

Mesh properties in the contact region were reduced by a global element size factor 

of 0.55 (1.65 mm), strain size factor (0.05) with a curvature capture function. Mesh 

properties that were not present in the contact region were modelled with larger elements. 

An element size of 3.0 mm was chosen with the minimum detail size that is resolved by 

the mesh (0.5 mm) and soft behaviour. 
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The physical properties characteristics of the materials, which were not specified 

by the manufacturer, were taken from scientific research data. Due to the fact that tabular 

values both in the literature and from the manufacturer of materials were not specified, 

the data were processed through a smart data tracer Easy Trace Pro (Easy Trace Group, 

Russia). 

The grid size control element for the creation of work model elements depends on 

the shape of the dental models dimension.  

The contact surfaces involved in contact calculations are described by the 

Definition: element size type of 1 mm, which is the minimum detail size that is allowed 

by the Defeature Size of 0.1 mm. Growth rate - the increase of the element edge length 

in each successive layer of elements is 1.5 by default. Curvature normal angle - the 

maximum allowable angle that can be covered by the edge of one element - default is 60 

degrees. Local minimum size - The minimum size of a feature is 0.1 mm.  

The path of aligner insertion is described by a general trajectory and may vary 

depending on the anatomy or anomaly of the dental arches.  

 

2.3 Building a correlational model for the digital oral mucosa map 

Mucosa digital map modelling in Cloud Compare V2 is based on measurement of 

distances between polygon vertices of two models with specified parameters of colour 

grading scale. Floating colour grading does not give consistency of measurements, 

although numerically this does not play a significant role. However, this analysis utilizes 

the visual nature of the assessment, so fixed grading is mandatory before starting the 

analysis. It is also based on the oral mucosal biotype classification described in the 

literature.  

Manual segmentation was performed according to specified algorithms and 

checked for artefacts and inaccuracies. The three-dimensional model should correspond 
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to the bone structures and should not go beyond the tissues of the person study. In 

addition, the model should not have holes in the bone tissues in the 3D shell and should 

be closed. Mimics inPrint 2.0 allows to create closed models. Using the thresholding 

method, an optimal value is selected and refined manually where artefacts are present. 

Due to the heterogeneous density of structures in a single CT study, a segmental selection 

of regions of interest is performed using Hounsfield thresholding. From the resulting 

masks, a model is created on each layer with predefined smoothing parameters and model 

shrinkage compensation. In Mimics Medical 21.0, the settings retained for interpretation 

of all studies.  

Dental models and segmented CT models were merged in ProPlan CMF 3.0 with 

the models pre-aligned for ease of use. Only matching anatomical structures were marked 

with a brush, after which the models were statistically overlaid on the selected areas.  

 

2.4 Neural network training 

Dragonfly software (v.2022.2, Objects Research Systems, Montreal, QC, Canada) 

was used to train the neural network. First, the digital parameters of the CT data stack 

were normalized into a 32-bit format with a floating-point number parameter. The original 

image was converted with a normalization parameter from 0 to 1, with the minimum and 

maximum intensity parameters on the Hounsfield scale set manually. Anything that does 

not fall within the specified parameter gets a value of 0. This normalization is unique for 

each CT study, so it is necessary to manually set the boundaries of interest. The frames 

(frames) with masks of the selected layer are created before training. The training frame 

was segmented according to the same criteria as the creation of masks during manual 

segmentation. A separate layer was created for each anatomical structure - for the bone 

tissue of the upper jaw, for the lower jaw, for the dentition of the upper and lower jaws. 

After the masks were created, it is necessary to set a background layer that fills all the 
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space unmarked by the masks. To train the neural network, a deep learning model with a 

four-layer U-Net architecture (4 levels U-Net in model parameter) was created. 

After that, the prediction of the selected layer was performed and then the model 

was trained. After adding frames with prediction correction, the model is retrained. 

Training quality is validated by both the model's performance metrics and predictions on 

the selected layer.  

The trained model was used to segment the CT under AI control and small 

adjustments are made to achieve the best result. The resulting segmented models are then 

exported from the software in stl format. 

 

2.5 Laboratory phase 

Preparation of three-dimensional models for printing on a 3D printer in Photon 

Workshop V2 was performed by adding a three-dimensional model simultaneously with 

adjustment of printing parameters, which were defined according to the selected resin and 

are described in the manufacturer's documentation. Before starting printing, the printing 

platform was calibrated. After printing was completed, all models were washed of excess 

resin and the model was exposed to UV light in an ultraviolet chamber.  

The resin parameters allow aligner thermoforming without destroying the model.  

1) Stiffness - 79 Shore D  

2) Viscosity (25℃) - 552 MPa*c 

3) Density in liquid state - 1.1 g/cm3 

4) Density in solid state - 1.184 g/cm3 

5) Shrinkage - 7.1% 

6) Tensile strength - 23.4 MPa 

7) Elongation at break - 14.2% 
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Thermoforming of Cristal PET-G plastic aligners (Bio-Art, Brazil) was performed 

by applying release silicone to the model immediately before forming and creating a 

vacuum under the model using Bio-art PlastVac P7.  

Aligner trimming and polishing edges corresponds to the standard algorithms of 

constructive fabrication and should not have sharp edges, cracks and scratches.  

Pontic filling was performed by applying bond to the inner pontic surface, a thin 

layer of composite according to the patient's teeth colour and UV lamp exposure for 30 

seconds. 
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2.6 Clinical and diagnostic appointment 

2.6.1 Photo protocol and diagnosis 

The photo protocol and diagnostics were performed in accordance with the 

requirements prescribed in the Flexiligner completion form shown in the figures 4 - 8. 

 

Figure 4 - Flexiligner form 
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Figure 5 - Flexiligner form 
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Figure 6 - Flexiligner form 
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Figure 7 - Flexiligner form 
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Figure 8 - Flexiligner form 

 

In the order form, the patient's dental scan files are uploaded for evaluation by the 

laboratory specialists. The laboratory then informs on whether the 3D models are of 

acceptable or unacceptable quality.  

The patient's data were entered into the form: surname, first name, middle name 

and date of birth.  

Photos were taken during the clinical appointment are uploaded to the form in the 

diagnostics section according to the protocol specified in the protocol: profile photo, 

photo to determine the exposure of incisors - full-face with "Emma", full-face with smile, 

full-face with retractor and open mouth, intraoral photos - occlusal view of the upper and 

lower dentition, lateral view of occlusion on the left, right and frontal view, 

orthopantomogram.  

The individualized treatment plan was filled out according to the goals and 

objectives for each individual patient following the protocol provided in the forms. Where 

indicated items should be noted:  

Description of the current oral situation: 

1. Presence of deficiency of the maxilla and/or mandible 
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2. Crowding on the maxilla and/or mandible 

3. Presence of a crossbite  

4. Angle's classification of the canines: 

Right side:  class I, class II, class III 

Left side:  class I, class II, class III 

5. Angle's classification of 1st molars: 

Right side:  class I, class II, class III 

Left side:  class I, class II, class III 

6. Vertical incisor ratio: neutral (1/3), deep bite, open, underbite 

7. Centre line displacement  

8. Occlusal plane inclination (inclination relative to the pupils axis). 

9. Presence of periodontal status 

10. Treatment features: extracted tooth; implant; veneer/crown 

Treatment plan: 

11. Which jaw will be treated, upper jaw, lower jaw or both. 

12. Centreline:  

Upper centre line: do not change, shift right or left  

Lower centre line: do not change, shift right or left 

13. Eliminate crowding by: expansion, separation, uprighting, distalization, 

extraction, protrusion. 

14. Cross-relationship of lateral teeth: absent, not changed, corrected 

15. Expansion:  

O No expansion 
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O 3-3 (in the canine area) 

O 5-5 (in the canine and premolar area) 

O 6-6 (in the area of canines and premolars and 1st molars) 

O 7-7 (across the arch) 

16. Interproximal reduction:  

□ if possible, postpone the start of separation until the levelling phase (round 

tripping) 

□ apply IPR from stage 1 

□ in the anterior region 

□ in the premolars 

□ in the area of molars 

□ in the area of artificial crowns 

□ in the area of deciduous teeth (if any present) 

□ according to the laboratory's discretion 

17. Whether is allowed the use of microimplants (MI) in this case:  

O yes 

O no 

O as recommended by the laboratory 

18. 8th teeth - 1.8; 2.8; 3.8; 4.8: 

By default, non-dystopic 8 teeth and teeth in contact are covered with aligners! 

O planned extraction 

O extraction is not planned 

O extraction on the recommendation of the laboratory 

19. Correction in the sagittal plane:  

□ Do not change 
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□ Orthognathic surgery 

□ Suggestion of possible mandibular shift Bite-Jump (constructive bite -

laboratory changes the position of the lower jaw in relation to the upper 

jaw before treatment, focusing on the data provided: mandatory photos, 

screenshots of TMJ)  

The use of intermaxillary traction and extraction of 8 teeth is mandatory. 

□ use a bite registration (you have determined the new position of the 

mandible by any method available in the clinic) 

□ anterior displacement (class II/1, II/2) 

□ lateral displacement (lateral displacement of the mandible with correction 

of the centre line in symmetrical occlusion classes) 

□ rotation displacement (mandibular displacement with correction of the 

central line in asymmetrical occlusion classes) 

□ vertical displacement (correction of bite height due to shifting of the 

mandible as a result of extrusion/intrusion of teeth in case of torque or 

uprighting changes) 

O Distalization 

 Sequential (up to 2mm + intermaxillary traction) in sectors  

 Mixed/sequential (from 3mm + intermaxillary traction + MI) in 

sectors  

□ in the IZC (The infrazygomatic crest) 

□ in the Buccal Shelf  

O Mesialization 

 sequential (up to 2 mm + intermaxillary traction) in the sectors; 

 closure of postextraction gaps (power arm + MI or power arm) (it is 

obligatory to evaluate the position of roots with maxillary sinus and 
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the amount of root angulation, the amount of movement should not 

exceed 5 mm) 

 intermaxillary group traction + MI) in the sectors 

20. Whether placement/replacement is planned: Picking out the features and 

marking the corresponding teeth on the scheme:  

O Planned extraction 

O Extraction as recommended by the laboratory 

O Do not move the tooth 

O Do not place attachments 

O Filling 

O Implant 

O Veneer/crown 

If it is planned to raise the bite height in the lateral areas or replace bulk fillings, mark 

them on the scheme. The laboratory will leave space for future restorations. 

21. In the case of Bolton’s discrepancy in the width of incisors and canines, the 

following is preferable: 

O leave spaces distally above the lateral incisors 

O leave spaces distally and mesially above the lateral incisors  

O antagonists separation 

O when the lower incisors are separated by more than 0.3 mm, tremas are 

opened in the area of the upper lateral incisors 

22. Alignment of the frontal teeth and which tooth is taken as a reference:  

O Alignment of frontal upper teeth: on the incisal or gingival margin 

O Alignment of frontal lower teeth: on the incisal or gingival margin 

Gingival alignment implies that the incisal edges of the teeth may be at different levels 

and further restoration is planned in this area. 
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23. Change in sagittal incisor ratio: 

Maxilla: change / do not change 

Mandible: change / do not change 

24. Completion of occlusal plane correction scheme (Curve of Spee, edging) or at 

the laboratory's choice 

25. Aligners trimming: 

O High for minor periodontal changes 

O Combined in localized periodontal changes 

O Low in generalized periodontal changes 

26. Apply virtual elastic chain (Sealing of the approximal contacts): 

Hypercorrection in cases of treatment with tremas closure: no, 3-3, 6-6 

O Sequence of tooth movement: according to laboratory protocols or 

orthodontist's preference. 

 

2.6.2 Evaluation of oral soft tissue inflammation 

The iodine test is a diagnostic and assessment method for the gums state based on 

the ability of the iodine-iodide-potassium solution to stain areas of glycogen 

accumulation. In the areas of deep connective tissue damage, where glycogen is most 

abundant, staining occurs in an intense blue colour. Visually assessing the gums allows 

for determining the degree of inflammation. 

To perform the test, the gums were smeared with the solution and the degree of 

staining is assessed. Areas of intense gums coloration were recorded in the examination 

chart. To objectify the results, a scoring scale was used: 
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Gum papilla staining: 2 points 

Gingival margin staining: 4 points 

Alveolar mucosa staining: 8 points 

 

The iodine number is the points sum obtained in the assessment of the gums for 

each tooth, divided by the number of teeth examined. 

Evaluation of Svrakov's iodine number values:  

 Mild inflammatory process: 

o PMA index is less than 2.3 points indicates a mild inflammation of the 

periodontal tissues. 

o Inflammatory changes may be insignificant and do not cause 

pronounced clinical symptoms. 

 Moderately expressed inflammatory process: 

o PMA index value from 2.3 to 5.0 points indicates a moderately 

expressed inflammation of the periodontal tissues. 

o Inflammatory changes may be more pronounced and lead to the 

development of clinical symptoms, such as bleeding gums, swelling, 

hyperaemia. 

 Intense inflammatory process: 

o PMA index from 5.1 to 8.0 points indicates an intense inflammation of 

the periodontal tissues. 

o Inflammatory changes may be pronounced and lead to the development 

of destructive processes in the periodontal tissues, such as gingivitis, 

periodontitis. 
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The papillary-marginal-alveolar index (PMA) is a quantitative assessment of the 

severity of inflammation in periodontal tissues. The index can be expressed as a 

percentage of the number of teeth with inflammation. 

To determine the PMA gingival index, the gingiva was divided into three areas:  

Papillary (P), marginal (M), and alveolar (A).  

A point scale is used to quantify the inflammatory process in the gums. 

1 point - inflammation of the papilla; 

2 points - inflammation of the gingival margin; 

3 points - inflammation of the alveolar gingiva. 

The scoring is performed on each tooth. 

PMA =
[(∑ point score) х 100%]

3 х (number of teeth)
  

Index values of up to 30% indicate a mild severity of the inflammatory process; 

30-60% - moderate severity of gingivitis; more than 60% - severe degree of the 

pathological process. 

Before the start of orthodontic treatment, it was necessary to verify the initial status 

of the orthodontic patient and his readiness for treatment. In most cases, if hygiene is 

unsatisfactory, the patient is taught oral hygiene and the next visit is scheduled to check 

the hygiene indices. With poor oral hygiene during orthodontic treatment, complications 

associated with inflammatory processes of the oral soft tissues will occur. Also, with the 

presence the oral soft tissues inflammation, errors will inevitably occur in determining 

the oral soft tissues biotype before the start of orthodontic treatment and, accordingly, the 

choice of treatment tactics.   
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Chapter 3. RESULTS  

3.1 Protocol for obtaining three-dimensional dentition models 

During the clinical appointment, the patient undergoes a standardized photo 

protocol and mandatory professional oral hygiene after examination. Only then are their 

teeth scanned, with patient data automatically recorded in the scanner software. This is 

critical for creating an accurate working model of the teeth, as soft plaque can disrupt the 

scan and negatively impact aligner fit. The given digital diagnostic model demonstrates 

the difference in surface roughness with and without proper oral hygiene (figure 9, 10). 

 

Figure 9 - Three-dimensional model of the upper dentition without oral hygiene 

 

 

Figure 10 - Three-dimensional model of the upper dentition after oral hygiene 

Following complete oral cavity sanitation and professional oral hygiene, the 

dentition of the upper and lower jaws is scanned according to protocol. Scanning begins 
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at the distal surface of the molars, with the tip directed at a 40-50 degree angle from the 

lingual/palatal surface of the teeth, as shown in figure 11. 

 

Figure 11 - Algorithm for scanning with an intraoral scanner 

 

Having obtained upper and lower jaw dentition models, a model of the dentition in 

central occlusion was required. Subsequently, the combined models of the upper and 

lower jaw dentition should be aligned along these surfaces (figure 12). 

 

 

a) b) 

Figure 12 - Three-dimensional model in central occlusion (a), superimposed models 

of the upper and lower dentition on the occlusal model (b) 
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After alignment, it was necessary to remove artefacts, which were not process by 

the artificial intelligence of the scanner software (figure 13). 

 

 

a b 

Figure 13 - Artefacts removal on a three-dimensional model of the dentition before (a) 

and after (b) 

 

Then, to plan orthodontic treatment, occlusal planes were set in the software, and 

virtual bases of the jaw models were added (figure 14). 

 

Figure 14 - Adding a virtual base on the dentition model 
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After the models have been processed, the teeth were segmented manually or 

automatically using AI. Root models of the teeth are added, if segmented CT data was 

available. The roots were matched to the segmented models of the individual teeth. In the 

absence of segmented tooth root models, the tooth axes were aligned (figure 15). 

 

Figure 15 – Each tooth virtual axes orientation 

 

Once the dental models were obtained, a treatment plan was made with a staging 

by moving each individual tooth to the planned position (figure 16). 

 

Figure 16 - Manipulator of the highlighted tooth to set its position 
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3.1.1 Protocol for obtaining three-dimensional dentition models 

After complete oral sanitation and professional hygiene, dental scans of the upper 

and lower jaw rows are performed according to the protocol recommended by the 

manufacturer.  

The three-dimensional models of the dentition were manually processed and 

visually inspected for artefacts that need to be removed.  

After the models were processed, teeth were segmented manually or automatically 

using AI. The individual segmented models of each tooth were matched to the tooth root 

models from the CT scan. If no tooth root models were available, the axes of each tooth 

were aligned and virtual tooth root models were modelled. 
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3.2 CT data segmentation  

There are criteria for data selection for segmentation: 8x12, 15x17 CT scans of the 

upper and lower jaw, three-dimensional models of the dental rows obtained by an 

intraoral scanner with a difference of no more than four months in the absence of 

inflammatory processes of the oral mucosa. 

For the study, the directions of segmentation of bone structures and individual teeth 

were chosen by various methods to obtain the most stable result. Also, major criteria was 

the availability of the method in daily practice. 

AI (artificial intelligence) or NN (neural networks) segmentation further assisted 

patients in preparing a digital treatment plan and achieving precise control over root 

positions (figure 17). In the current work, the following options for segmenting the cranial 

bone structures and individual teeth were possible: 

1. Manual segmentation 

2. Manual area segmentation 

3. Watershed segmentation 

4. Automatic with the help of AI (NN) 

 

 

a) b) c) 

Figure 17 - (a) Pre-treatment; (b) without root correction; (c) after root correction 
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This list highlights the most advanced segmentation method using AI. However, it 

will work properly when the data has been prepared, that is, the segmentation model has 

already been trained. This method gives the most stable result in research, which least of 

all depends on the human factor in processing input data. 

Each of the methods is available to clinicians, however, the criteria for processing and 

obtaining data should be considered: 

1. The manual method takes a lot of time and numerous errors are possible. 

2. Manual area segmentation is a relatively fast method that requires traditional 

processing after highlighting contrasting areas of masks (figure 65, 66). 

3. Watershed method is the fastest; however, it lacks the possibility of segmentation 

of individual teeth. 

4. AI – in the presence of a trained model, segmentation occurs automatically and 

takes several seconds. In its absence, training takes a long time, but still it takes 

less time than manual segmentation.  

 

3.2.1 Manual segmentation of CT data 

For the manual method, the first step was the processing of CBCT and 

segmentation of bone structures according to the Hounsfield scale to create a three-

dimensional model without the use of filters and image modifications. Each dicom dataset 

was processed in Mimics inPrint 2.0 and Mimics PRO Plan CMF 3.0 software [20, 51].  

The masks of each layer were finalized manually to ensure maximum accuracy in 

further work. The resulting 3D models were smoothed with compensation with shrink 
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compression, and the contours of the models were evaluated for possible errors during 

processing (figure 18). 

 

Figure 18 - Manual processing of CBCT by the threshold values method on the 

Hounsfield scale 

 

Processing, smoothing, combining. 

The three-dimensional models of the maxilla and mandible were divided into 

separate models after processing (figure 19). A key point in the preparation of the data 

was the matching the scanned dental models with the obtained bone structure models 

from CT scans. Due to the fact that the models geometry only partially matched (tooth 

enamel was the common part, which was manually precisely processed) and the 

mismatched part of bone tissue on first set of models and mucosa on the second set, then 

standard global or local alignment tools often gave a matching error. 
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Figure 19 - Dividing the 3D models into upper and lower jaw 

 

The control analysis in the Geomagic Control X software (3D Systems, Rock Hill, 

SC) proves that "extra" data in the form of mismatching geometries parts of the models 

(teeth roots, bone tissue and oral mucosa) during the comparison gives a large error in the 

analysis methodology and can lead to incorrect results (figure 20, 21). 

The tool that eliminates matching errors works on the "brush" principle, which 

highlights only necessary parts of the models that are involved in matching process with 

different geometries. A comparative analysis is presented in the illustration (figure 22 - 

26) shows the comparison of results obtained by the pre-alignment method with automatic 

aligning and the manual labelling method. The obtained results are visually examined on 

slices of the initial CT with contour lines of 3D models. Red colour of models and contour 

lines corresponds to the matching using the "brush" tool, blue colour denotes models 

matched by automatic method of global or local registration within the minimum value 

of 1 mm with preliminary approximate aligning of models. Yellow colour indicates 
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models obtained by segmentation using the Hounsfield scale and additional manual 

processing. Thus, the analysis showed that the result obtained by the automatic alignment 

differs from the result obtained by the selective method using the “brush” tool. 

Figure 20 - Automatic comparison of 

segmented models from the CBCT and 

scanned dental models 

Figure 21 - Marker alignment of 

segmented models from CBCT and 

scanned dental models 

 

 

Figure 22 - Three-dimensional 

comparison of automatic and manual 

alignment of the teeth using the marking 

of the areas of interest. The blue colour 

is automatic alignment, the red colour is 

manual alignment 

 

Figure 23 - Marked areas guide contour 

comparison of automatic and manual 

tooth alignment. The blue colour is 

automatic alignment, the red colour is 

manual alignment 
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Figure 24 - Three-dimensional 

comparison of the position of the dental 

rows in automatic and manual mode by 

marking the areas of interest with the 

position of segmented CT tooth models. 

Blue colour - automatic alignment, red 

colour - manual alignment, yellow 

colour - segmented CT tooth model 

 

 

Figure 25 - Contour comparison of the 

position of the dental rows in automatic 

and manual mode by marking the areas 

of interest with the position of segmented 

CT tooth models. Blue colour - automatic 

alignment, red colour - manual 

alignment, yellow colour – segmented 

CT tooth models 

 

Figure 26 - Contour comparison of the automatic and manual alignment of the teeth 

by marking the areas of interest with the position of the segmented CT tooth 

models. Blue indicates automatic alignment, red indicates manual alignment, yellow 

indicates segmented CT tooth models 
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In the Mimics Proplan CMF 3.0 software the brush tool was used to select the 

aligning areas and the scanned 3D dental models where moved (figure 27, 28).  

 

Figure 27 - Method of selecting an area of interest for matching required areas with the 

brush tool 

 

 

Figure 28 - Aligned model of scanned dental models and segmented CT models 
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After this function was performed, models were prepared and tooth tissue was 

removed from the analysis by segmentation of the model set. The crown parts of the teeth 

were removed from a threshold segmented CT models (figure 29). 

 

Figure 29 - Segmented model of bone structures without teeth 

 

For the stability and repeatability of the result of processing models without 

repeating geometry, the factors affecting the processing of three-dimensional models 

were removed from the method, namely, instead of manual segmentation, processing 

using computer algorithms was chosen.  

Segmentation of the teeth and soft tissues in the models obtained by intraoral 

scanning was performed by trimming the gingival contour and smoothing the selection 

line. Two separate models of the teeth and soft tissues were created (figure 30 - 32). 

Processing of the combined models: teeth trimming, gingiva, tooth extraction on 

the 3D CT models. 
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Figure 30 - Segmentation of teeth on a three-dimensional dental model 

 

 

Figure 31 - Smoothing the contours of the selected dentition model 

 

 

Figure 32 - Separate tooth and soft tissue models in the assembled model 
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On the next step of processing and removing excess information on the 3D models, 

the area around the teeth is constructed, in particular around the segmented teeth without 

soft tissue and with a fixed boundary along the gingival margin, which does not affect the 

amount of information removed by Boolean operations. After segmentation of the teeth, 

the separate model by duplication was copied and a mathematical extrusion operation of 

1 mm was performed, which gave sufficient coverage and the model filling planes 

converged at a slight angle in the centre (figure 33, 34). 

 

Figure 33 - Extrusion of the segmented tooth model by 1 mm 
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Figure 34 - Closing the contours of the segmented model 

 

To perform Boolean functions with three-dimensional objects, solid models were 

created from upper and lower jaw shells and segmented closed models of the upper and 

lower arches of dental models (figure 35). 

 

Figure 35 - Converting a shell into a solid model 
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After executing the Boolean functions, the models were automatically refined to 

close and correct geometry errors (figure 36 - 39). 

Figure 36 - Models before the Boolean function 

 

Figure 37 - Three-dimensional model of the mandible and maxilla after performing the 

Boolean operation 
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Figure 38 - Automatic geometry error correction 

 

 

Figure 39 - Assembled 3D model, ready for analysis 

 

3.2.2 Creating a digital model of the mucosa biotype 

After obtaining the processed models, the distribution scale was adjusted for 

absolute values in the Cloud Compare software (figure 40, 41). Segmented dental, bone, 
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and soft tissue models were imported into the software and the selected shells were 

analysed (figure 42). 

Data processing in Cloud Compare, customization, colour systematization. 

 

 

Figure 40 - Medium mucosa biotype values 

 

 

Figure 41 - Thick mucosa biotype values 

 

A systematic approach to examining the models obtained and creating distance 

maps is an important step and forms a further distribution into groups according to colour 
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gradation. Relative scale values distribute the colour palette evenly and with the same 

oral mucosal thickness on different models will give different colours, which in turn will 

give an erroneous allocation to groups of oral mucosal biotypes. 

The absolute values of the colour grading scale were used for systematization and 

this scheme was applied to all the studied models. 

 

 

Figure 42 - Soft tissue thickness map 

 

Based on the data obtained, the entire analysis area can be divided into three zones 

(figure 43):  

1. Vestibular surface from teeth 18 to 28 and 38 to 48. 

2. Oral surface from teeth 15 to 25 and 35 to 45. 

3. Oral surface from teeth 18 to 15, 28 to 25, 38 to 35, 48 to 45. 
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The analysis of the distribution shows three overlapping dispersions corresponding 

to the zones described above. By plotting the distributions and interpolating them on the 

control measurements taken in the oral cavity by mucosa translucency, different patterns 

of both distributions were obtained, characteristic of the three biotypes of oral mucosa.  

Control measurements were made in a traditional way, using a periodontal probe 

and assessing the translucency of the attached gingiva. The qualitative data collected 

helped to separate the quantitative data into primary groups, and to carry out an analysis 

to pinpoint the mucosal biotype and interpolate the quantitative data into qualitative data 

(figure 45). 

a) b) 

c) d) 

Figure 45 - Interpretation of the normal distribution in the graph of mucosal 

thickness distribution areas, indicating a shift towards the mucosa biotype 

thickness (a), (b), (c), (d) 
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3.2.3 CT data segmentation methodology choice  

It is possible to obtain the segmentation result from CT scans using different 

methods. When working with a small amount of CT, manual segmentation can be used. 

With the development of tools for selecting the necessary masks, the processing speed 

increases significantly, but when a large number of layers are processed, the precision of 

the result decreases. A comparison was made on how much the choice of segmentation 

method affects the measurements result. Two approaches to segmentation were to be 

considered: manual and automatic using AI algorithms (figure 46 - 49). 

 

With AI segmentation Without AI segmentation 

 

Figure 46 - Distribution of upper jaw 

mucosa thickness on the automatically 

segmented model 

 

Figure 47 - Distribution of upper jaw 

mucosa thickness on the had segmented 

model 
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Figure 48 - Distribution graph of upper 

jaw mucosa thickness on the 

automatically segmented model  

Figure 49 - Distribution graph of upper 

jaw mucosa thickness on the hand 

segmented model 

 

In order to achieve a stable result with the lowest error when processing CT data - 

creating masks of each layer and generating the 3D model grid, automatic segmentation 

algorithms were used instead of manual segmentation. The final result of manual and 

automatic segmentation remained the same. However, the papillary sheath can be noted 

in the graph of mucosal thickness distribution in automatic segmentation (figure 50). 
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Figure 50 - Areas of mucosal thickness distribution on the graph with AI automatic 

segmentation 

 

Examples of oral mucosa thickness distribution in different patients graphs are 

shown below, visualisation of CT data on three-dimensional models, correlation analysis 

of mucosa definition by gingival translucency, staining of mucosa with “Colour-test №1” 

and distribution of mucosa thickness on three-dimensional models for different 

classifications of mucosa (figure 51 - 59). 

a) 

 

b) c) 

Figure 51 - Distribution of mucosa thickness on the maxilla on the segmented 

model by manual method. Thin (a), medium (b), thick (c) gingival biotype 
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a) 

 

b) c) 

Figure 52 - Distribution of mucosa thickness on the mandible on the segmented 

model by manual method. Thin (a), medium (b), thick (c) gingival biotype 

 

a) b) 

 

c) 

Figure 53 - Determination of gingival biotype by the probe translucence method. 

Thin (a), medium (b), thick (c) gingival biotype 

 

a) b) 

 

c) 

Figure 54 - Three-dimensional deviations map for determining the gingival 

biotype. Thin (a), medium (b), thick (c) gingival biotype 
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а) b) c) 

Figure 58 - Distribution of gingiva thickness on a 3D AI-segmented model of the 

maxilla. Thin (a), medium (b), thick (c) gingival biotype 

 

а) b) c) 

Figure 59 - Gingival thickness distribution in an AI-segmented 3D mandible 

model. Thin (a), medium (b), thick (c) gingival biotype 

 

The conducted studies showed that the dispersion analysis of zone distribution 

revealed three types of oral mucosa - thin, thick and mixed in accordance with traditional 

periodontal probe examinations. Mucosa with signs of inflammatory processes was 

excluded from the study. 

3.2.4 CT data segmentation  

This study consisted of a theoretical part, where the deformation distributions of 

the aligners were calculated, and a clinical part, where the obtained data was tested during 

clinical appointments.  
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The obtained data from CT segmentation in the form of three-dimensional models 

of the maxilla and mandible was the starting point for further studies, such as the creation 

of three-dimensional models of the dentition using intraoral scanning, the planning of 

various orthodontic designs, and the determination of the possibility of using implants 

and templates (figure 60). 

 

Figure 60 - Three-dimensional model of the maxilla and mandible after manual 

segmentation 
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3.3 AI Segmentation  

Data collection and pre-processing was used in segmentation. The data used in the 

study were obtained using a CBCT and processed in Dragonfly software (v.2022.2, 

Objects Research Systems, Montreal, QC, Canada) normalized the HU value of the 

CBCT data was set to 0-1. 

3.3.1 Normalization of CT data 

To reduce the amount of data to be processed, pre-processing was performed. This 

involved normalizing the data to a standard range. 

In CBCT, images are represented using Hounsfield units (HU) [229]. HU is a 

dimensionless unit universally used in computed tomography (CT) to express CT 

numbers resulting from the linear transformation of measured attenuation coefficients 

[144]. The results are based on arbitrarily given densities of air and pure water. They 

range from -1000 HU for air and over 3000 for metals [121]. In this study, normalization 

was performed using a linear function: 

y = mx + b, 

where: x refers to the HU obtained with the CBCT machine, with a minimum value (-

1000) and a maximum value (3000-20000), which depended on various machine and 

scanning parameters as well as the irradiation dose;  

y is the target HU value in the range 0-1. In these data, the mean HU value was 

0.16. The standard deviation value was 0.15. 

The probability map of the CBCT HU distribution is shown in figure 61, and after 

normalization, the HU probability distribution map is shown in figure 62. 
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Figure 61 - Probability of CBCT HU distribution map 

 

 

Figure 62 - Probability of CBCT HU distribution map after normalization 

 



109 

 

3.3.2 Annotation of CT layers data 

The purpose of semantic image segmentation was to label each pixel in the image 

with the appropriate representation class. The output itself is a high-resolution image 

(usually the same size as the input image) in which each pixel is assigned to a particular 

class. Each image was labelled with five different colours that were used to represent the 

five classes (upper dentition, lower dentition, upper jaw, lower jaw and background) 

(figure 63). The images were normalized as shown in the top image in figure 64 and the 

manually labelled result is shown in the bottom image in figure 64. 

 

Figure 63 - Semantic segmentation of the CBCT. The image is divided into five classes, 

in which the upper dentition is purple 

 



110 

 

3.3.3 Increasing the amount of AI training data 

Data augmentation is a method of artificially creating more training samples to 

increase the diversity of training data. This can be achieved by applying affine 

transformations (e.g. rotating and scaling), moving vertically and horizontally to the 

original labelled samples. The image brightness was randomly changed by specifying the 

luminance factor due to different HU values in different CBCT data. The luminance 

coefficient was chosen randomly in the range [-0,2]. The luminance variation allows the 

model to perform a generalization over all trained images at different luminance levels. 

The data was augmented 10 times using different factors. 

Figure 64 - Annotation result of the CBCT sample 

 

Manual segmentation in U-Net training 

Manual segmentation is used to create anchor layers, which is used to train the 

neural network and, if necessary and if a large number of errors occur, is be supplemented 

with additional correction layers with masks (figure 65, 66). 
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Figure 65 - Manual segmentation of 

maxilla and mandible in preparation for a 

training model. Purple is the dentition of 

the upper jaw. Blue - lower jaw bone 

structure, green - background 

 

Figure 66 - Manual segmentation of 

maxilla and mandible in preparation for a 

training mode. Yellow is the dentition of 

the mandible. Blue - lower jaw bone 

structure, green - background 

 

3.3.4 Semantic segmentation of images using U-net 

The aim of this step was to label each pixel in the image with the appropriate class. 

The 2D U-net model consists of encoding and decoding parts [248]. The training 

parameters in U-net were as follows: number of layers in the model = 4, patch size = 64, 

packet size = 32 and loss function = cube loss. Training was performed using 100 epochs; 

however, it was terminated if there was no improvement in the “loss value” for 10 

consecutive epochs. The overall structure of the network is illustrated in figure 67. 
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Figure 67 - 2D U-net architecture 

 

Image noise was removed from the ROI, smoothed the data and created a 3D model 

reconstruction based on the ROI. Small unrelated noise, which was less than 0.8 nm3, was 

eliminated. The final ROI was then converted into “grid” data (figure 68). 
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Figure 68 - Result of the 3D model after final U-Net neural network training 

 

Normalization is important for image pre-processing. If the image is not pre-

processed, the network will diverge during training, causing the loss function value to 

reach infinity. Normalization was done by linear change, and the resulting value was in 

the range 0 to 1. If the normalized range is different, the result will be affected. However, 

as the amount of data increases during training, the trained U-net model can be used in 

the new CBCT. 

Gan Y. et al. [113] proposed a method to extract the connected tooth and alveolar 

bone region from CT images using a global convex level set model. However, this method 

can only be used in patients whose teeth are in the open bite position. In this study, U-net 
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combined with data magnification method is proposed to achieve automatic segmentation 

of different tissues in a closed bite. 

In this study, the image segmentation efficiency was significantly improved by 

training the network by manually labelling five images. Subsequently, by increasing the 

data volume, fully automatic segmentation and identification of multiple tissues in the 

oral cavity can be performed. The accuracy of automatic segmentation can be increased, 

which will significantly improve automated diagnostics in dentistry. 

 

3.3.5 AI based CT segmentation  

Created working layers to train the U-Net neural network by preparing and 

processing input CT data. 

The neural network was trained, and as a result, an automatic algorithm for 

segmenting bone structures and dental radii from CT data was created. 

Deviation control analysis was performed on selectively taken models (figure 69), 

by which segmentation errors could be detected. The result obtained with segmentation 

accuracy control is effective with a large amount of data in a short period of time (figure 

70). 
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Figure 69 - Deviation map of jaw models segmented manually and by AI 

 

 

 

а) b) 

Figure 70 - deviation map of maxilla (a) and mandibula (b) models 

 

When training the AI model to segment the structures under study, errors occur, 

which are eliminated at subsequent stages of training the neural network model. 

Comparative analysis of segmentation by manual and automatic methods shows the best 

performance and fewer segmentation errors. 
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3.4 Creating a correlation model of the mucosa digital map  

To create a correlation model, an examination of patients before or during 

orthodontic treatment was carried out. The presence of inflammatory processes was 

determined using the "Colour-test №1". The staining occurs due to the reaction of an 

increased amount of glycogen with iodine-containing solutions. Thus, only patients 

without any signs of inflammatory processes of the mucosa were taken into the work, 

which allows to create three-dimensional models of soft tissues and make an objective 

digital map of the gingival mucosa [6]. 

 After the CT data was segmented manually or automatically it was merged 

through the reference models of the dental rows with connected soft tissue models.  

A method for determining the mucosa biotype with a check for the presence of 

inflammation of the mucosa (figure 71 - 90). 

 

 

Figure 71 - PMA “Colour-test №1” Figure 72 - PMA “Colour-test №1” 



117 

 

Figure 73 - Mucosa thickness map on a 

three-dimensional model. The medium 

biotype of the mucosa 

 

 

Figure 74 - Mucosa thickness map on a 

three-dimensional model. Medium/thick 

biotype of the mucosa 

Figure 75 - Mucosa thickness distribution 

on the upper jaw. Medium biotype of the 

mucosa (maxilla) 

Figure 76 - Mucosa thickness distribution 

on the upper jaw. Medium/thick biotype 

of mucosa (maxilla) 
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Figure 77 - Mucosa thickness distribution 

on the upper jaw. Medium biotype of the 

mucosa (mandible) 

 

Figure 78 - Mucosa thickness distribution 

on the upper jaw. Thin biotype of the 

mucosa (mandible) 

Figure 79 - Three-dimensional model of 

bone tissues and dentition using AI 

Figure 80 - Three-dimensional model of 

bone tissues and dentition using AI 
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Figure 81 - PMA “Colour-test №1” Figure 82 - PMA “Colour-test №1” 

Figure 83 - Mucosa thickness map on a 

three-dimensional model. Medium/thick 

mucosa biotype 

 

Figure 84 - Mucosa thickness map on a 

three-dimensional model. Medium/thick 

mucosa biotype 

Figure 85 - Mucosa thickness distribution 

on the upper jaw. Medium/thick biotype 

of the mucosa (maxilla) 

Figure 86 - Mucosa thickness distribution 

on the upper jaw. Medium biotype of the 

mucosa (maxilla) 
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Figure 87 - Mucosa thickness distribution 

on the upper jaw. Medium/thin biotype of 

the mucosa (mandible) 

 

Figure 88 - Mucosa thickness distribution 

on the upper jaw. Medium biotype of the 

mucosa (mandible) 

 

Figure 89 - 3D model of bone tissue and 

dentition using AI 

Figure 90 - 3D model of bone tissue and 

dentition using AI 

 

After data collection and the mucosa thickness map creation was completed, it 

became possible to talk about method objectivity not only in general, but also in terms of 

individual details. In the area of the frenulum, it is possible to determine objectively the 

need of frenuloplasty, soft tissue hypertrophy, as in figure 84 in the area of tooth 1.3 local 

fibromatosis can be seen. 
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Increase in the number of colour maps allows using this technique according to a 

simplified algorithm without using the probe illumination techniques or invasive methods 

of local gingival biotype determination. An obligatory item of objectification is the use 

of "Colour-test №1". 

"Colour-test №1" - is designed to detect inflammatory processes in the soft tissues 

of the oral cavity (Schiller-Pisarev test). The test is an objective test for assessing the 

degree of periodontal disease and the effectiveness of the treatment, it can be used to 

determine the prevalence of inflammation and the boundaries of surgical intervention 

during gingivectomy, curettage of periodontal pockets, to identify subgingival dental 

deposits. 

Composition and main properties 

The properties of "Colour-test №1", which includes iodine, potassium iodide and a 

base, are determined by the ability of glycogen (the amount of which increases with 

inflammation) to give colour in the process of interaction with iodine-containing 

solutions. When applying "Colour-test №1" to the soft tissues of the oral cavity, the 

inflamed areas are stained. 

Mode of application 

Apply liquid "Colour-test №1" to the gingival margin. According to the degree of 

staining of the inflamed mucosa (from light brown to dark brown), one can judge the 

degree of inflammation in the gum. 

If there is no staining, then the sample is considered negative. 

Data on the oral mucosa state were verified using a qualitative reaction “Colour-

test №1”. In the presence of inflammation, the data were not taken into account. The study 

involved only those with no signs of oral mucosa inflammation. Thus, the mucosa biotype 

erroneous determination was excluded. 
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3.4.1 Oral mucosa digital map correlation modelling 

A new convenient and illustrative scheme of oral gingival thickness distribution is 

proposed, which can be evaluated globally (figure 91), considering the whole model, as 

well as locally (figure 92). 

When applying the new technique, the protocols of radiological studies are not 

changed. 

The great advantage of the proposed technique is its non-invasiveness. The 

proposed technique clearly shows the full distribution of mucosa thickness over the whole 

surface with the possibility of virtual local probing to obtain the numerical value of the 

mucosal thickness. 

 

Figure 91 - Global mucosa thickness distribution map on a 3D model 
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Figure 92 - Slice of the bone and mucosa with a colour map 

 

 

3.5 Creating 3D models for FEA 

The basic principles of biomechanics are based on average values and do not take 

into account the individual characteristics of each patient. In the case when there is no 

individualization of the patient's orthodontic treatment, some of the physical properties 

of the aligners are lost [96]. For this purpose, it is necessary to obtain a visual mapping 

of deformations and stresses in the aligner using calculations in physical and 

mathematical software packages. The results obtained are used to optimize the aligner 

design. However, these studies should be treated critically, since the physical and 

mechanical models are simplified and do not take into account a number of parameters. 

The physical properties of PET-G material were taken in the simulation of the 

aligners’ virtual model and entered into the ANSYS software workspace (ANSYS V.18; 

ANSYS Inc., Canonsburg, USA). Hyperplasticity properties are taken at 22oC from the 
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values given by the manufacturer (Cristal PET-G; Bio-Art, Brazil). Density (1314.8 kg 

m^-3) and Poisson's ratio (0.31) were taken from the data table, isotropic elasticity was 

calculated from Young's modulus (2000 MPa) and tensile strength (26 MPa) values 

(Figure 93). 

 

Figure 93 - Physical properties of PET-G material 

 

The grid properties of the contact area were reduced by a global element size factor 

of 0.55 (1.65 mm), a strain size factor (0.05) with a curvature capture option. Mesh 

properties that were not present in the contact area were modelled with larger elements. 

An element size of 3.0 mm was chosen with the minimum part size allowed by the mesh 

(0.5 mm) and a soft behaviour.  

Material physical properties characteristics, which were not specified by the 

manufacturer, were taken from research data [60, 92]. Due to the fact that tabulated values 

were not specified in the literature or by the material manufacturer, the data were therefore 

processed through the Easy Trace Pro intelligent data tracer (Easy Trace Group, Russia).  

A project was created based on a raster chart file (Figure 94), units and coordinate 

origins were specified, and the total distance in pixels along the x and y-axes was set. 
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Figure 94 - Processing raster data from scientific articles into tabular values 

 

 

 

This was followed by tracing the line of the graph and converting to a tabular 

format (figure 95, 96) 

 

 

Figure 95 - Tracing graph data by 

selected colour 

 

Figure 96 - Graph overlay tracing 
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The resulting trace data were converted to tabular values and corrected to zero 

position in LibreOffice Calc software, (figure 97) then a graph was plotted to verify that 

the trace and calculations were correct (figure 98).  

 

Figure 97 - Tabular data 

filter 

 

Figure 98 - Correction of raw data after processing and 

plotting 

 

 

The data was transferred to the ANSYS environment (Figure 90). 

Figure 99 - Material properties data added to the ANSYS engineering environment 
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For this study, the patients' mouths were scanned using a Planmeca Emerald™ 

intraoral scanner (Planmeca, Helsinki, Finland) and 3D dental models were created 

(figure 100). 

 

 

Figure 100 - Three-dimensional dental models obtained with an intraoral scanner 

 

From these, patients with different treatment protocols on aligners were selected. 

A virtual planning was performed for each with the Maestro 3D Ortho Studio software 

(AGE Solutions, Pontedera, Italy) (Figure 101). 

Figure 101 - Creating a treatment plan in Maestro Ortho Studio V5 
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The original models were pre-processed and shells errors were fixed in Autodesk 

Meshmixer software (Autodesk Inc., San Rafael, CA). The virtual models of the aligners 

were created by extrusion with a 1 mm extrusion of selected borders and smoothing 

overhanging edges (Figure 102, 103). 

 

Figure 102 - Extrusion of the selected 

virtual aligners by 1 mm 

Figure 103 - Smoothing out the 

overhanging edges of the virtual 

aligner design 

The intermediate stages "before" and "after" are taken as the basis for the virtual 

modelling of the aligners (figure 104). 
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Figure 104 - Aligner model with the desired movement (top) and the initial dentition 

model (bottom) 

 

To expedite the mathematical model's calculation, simplifications were made to 

areas irrelevant to aligner operation. Element dimensions were chosen considering both 

anatomical topology importance and the software's maximum allowable virtual mesh 

elements (Figure 105, 106) [97, 198]. 

 

 

Figure 105 - General view of the model 

and view of elements 

 

Figure 106 - Assembly model cut and 

element dimensions view 
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The contact surface has been enlarged on the base model for possible overlap with 

the sliding aligner model (figure 107 - 109). 

 

Figure 107 - Aligner contact surface Figure 108 - Contact surface of the 

dentition model 

 

 

 

Figure 109 - Contact surfaces of the aligner and the dentition 

 

Since none of the load modelling methods mentioned earlier in the literature was 

suitable for this task, a new technique for fitting the aligner was developed, taking into 

account its trimming and the shape of the dentition. In the new method, the movements 
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of both the aligner and the dentition were selected in such a way that the edges of the 

aligner structure were not deformed from contact with the model of the dentition, and the 

model movement path simulated a real trajectory, fitting the aligner on the dentition 

(figure 110). 

 

 

Figure 110 - Combining the design of the aligner with the movement of the dentition 

model. Red line - movement along the Y axis, green line - movement along the Z axis, 

blue line - rotation along the X axis 

 

A short-term force (10 N) was applied to the aligner at the 6 seconds mark over the 

entire surface to evenly distribute the load and then removed, thus obtaining a load in the 

aligner fitted on the dentition (figure 111). 

 

Figure 111 - Short-term application of force at the 6 second mark 

 

The general vector of movements and loads is shown in figure 112. 
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Figure 112 - General vector of movements of the aligner and the dentition 

 

3.5.1 Reverse modelling 

To create aligner topology analysis models with an aesthetic component, various 

types of beam connections were developed and analysed, suitable for modification with 

an aesthetic component. Designs for aligners and basic dentition models, adapted from 

previously developed designs, were used in the study for each clinical case, considering 

their physical parameters and required tasks. 

Bodily tooth movement with negative tipping was compared with equal tooth 

movement with a given pitch but different aligner design topology. 

For the study control set of aligners, a standard type of beam connection was 

selected to obtain structural reinforcement and increased elasticity and analysed for 

deformation, strain and stress in the structure. 

In order to efficiently and quickly create a design of a mathematical model suitable 

for the goals and objectives of creating calculations for a beam structure and its 

modification with an aesthetic pontic, a simulation modelling approach was chosen with 
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the movement of the teeth one step ahead, by moving the teeth, and not the aligner model 

(figure 113). 

 

Figure 113 - Partial virtual aligner with beam reinforcement modelling 

 

The modelled parts of the structure were processed in the ANSYS mechanical 

program for further analysis (figure 114). 

Figure 114 - Virtual shell of beam-reinforced aligner part 
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A comparison set of aligners included standard clinical aesthetic solutions, for 

which a pontic was created in the area where the tooth was directly missing (figure 115). 

 

Figure 115 - Partial virtual aligner model with an aesthetic pontic modelling 

 

The resulting models were also processed in the Ansys Mechanical software and 

load and deformation calculations were carried out (figure 116). 

Figure 116 - Virtual shell of the aligner part with aesthetic pontic 
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For the reverse design, an individual tooth model was created with a fixed 

movement step, and movements were applied in the analysis model with the same step 

(figure 117). 

Figure 117 - Reverse modelling of tooth movement (distalization and distal tipping) 

 

Finite element analysis showed the weaknesses of both designs, as well as their 

possible modification by strengthening. In the case of beam reinforcement, large bending 

deformations on a relatively small surface are noticeable, which indicates a low efficiency 

in the transfer of orthodontic forces and the stage of possible destruction of the structure 

(figure 118). 

Figure 118 - Elastic shear deformation with beam reinforcement 
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When using a pontic, the load is transferred over a larger area and more evenly 

distributed over the design of the aligner; however, the excessive plasticity of this solution 

leads to a loose fit of the aligner to the teeth surfaces and supporting attachments (figure 

119). 

Figure 119 - Elastic shear deformation with pontic 

 

According to the results of the analysis by finite elements, the main disadvantages 

of both designs were identified. 

In the first design, with the use of a pontic, when the aligner is activated, 

compression occurs in the mesio-distal direction, which leads to deformation and 

expansion in the vestibulo-oral direction not only in the area of the missing tooth, but also 

in the area of neighbouring teeth. In turn, this leads to the fact that in the presence of such 

a deformity, the aligner does not fit snugly in the attachment area, which may cause loss 

of anchorage, which leads to a deviation from the planned treatment plan and treatment 

plan correction is required (figure 120). 
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Figure 120 - Aligner deformation vectors with aesthetic pontic 

 

In the second design, when a standard solution (beam connection) is used, an 

excessive load on the mucosa occurs, which in turn can lead to impaired wound healing 

at the site of tooth extraction and to microcirculation disorders in the gums at the site of 

excessive pressure from the liner design (figure 121, 122). 

Figure 121 - Pressure on the mucosa with beam connection in the area of tooth 46 
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Figure 122 - Pressure on the mucosa with a pontic in the area of tooth 46 

 

Based on the analysis of structures such as "beam" and "pontic", it was decided to 

modify them. That is, to get a new design that would include both the aesthetics and the 

functions of both types of connections. By removing the load from the gums where the 

tooth was lost and preserving the aligner's power structure, this decision also improved 

the structure's aesthetics, typically boosting patient motivation during treatment. 

 

3.5.2 Preclinical modelling of tooth movement 

According to the results of finite element calculations, the aligner topology strongly 

influences its resistance to deformation. Unforeseen deformations in the aligner redirect 

forces from the lateral structure surfaces to the occlusal surface, which in turn affects the 

predictability of treatment, and may lead to deviation from the initial virtual treatment 

plan, as well as the need for additional corrections during the clinical appointment. 

Visual analysis of the data reveals areas of greatest structural tension, physical 

properties, and pressure (applied forces) on individual teeth and the entire arch. 

Visualization of stresses in the aligner design helps to determine the optimal form of 

cutting in certain places, individual for each clinical case, as well as to increase the 
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strength of the structure, its resistance to wear, micro cracks and breakage (figure 123, 

124). 

Visualization of the stress data generated in the aligner design during activation 

gives complete control over the load on the teeth, the distribution of orthodontic force and 

its direction on each tooth involved in movement and anchorage (figure 125, 126). 

Studies have shown that when the structure is reinforced with additional PET-G 

material in the most loaded areas, better structural stability is provided and excessive 

deformations are reduced. Because excessive deformations cause incorrect application of 

force to the moved teeth in addition to a weak distribution of forces on the anchorage 

teeth. Insufficient resistance of the aligner to excessive deformations leads to incorrect 

distribution of forces on the dentition and deviations from the planned tooth movements. 

Preclinical modelling of tooth movement has shown that in complex clinical cases, 

an individual approach to the process of orthodontic treatment is required, which requires 

the creation of a modified aligner topology. Thus, carrying out such calculations allows 

modifying the aligner, and thereby reducing the treatment time compared to the treatment 

time with a standard aligner. In a long-time treatment, only a small correction will be 

required or any treatment plan corrections will not be required. Aligners with a straight 

cut are more resistant to deformation and retain their original shape; as a result, design 

forces are applied to the teeth. The best force distribution was observed when using a 

straight cut aligner. The forces were directed to the lateral surfaces of the teeth, while 

when trimming the aligner along the gingival margin, slight deformations were observed, 

and the forces were redirected to the occlusal surface. 
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Figure 123 - Elastic aligner deformation 

with scalloped margin 

Figure 124 - Elastic aligner deformation 

with straight Cut 

Figure 125 - Aligner shear stress with 

scalloped margin 

Figure 126 - Straight cut aligner shear 

Stress 

 

The topology of straight-cut aligners, compared to with scalloped margin trimming, 

demonstrates a redistribution of elastic deformity at the deformity site and further correct 

distribution of forces applied to the teeth. 

Preclinical modelling of tooth movement allows in complex clinical cases to obtain 

individual optimal variants of aligner modifications. This method of modifying and 

optimizing the manufacture of aligners is extremely important and relevant in modern 

orthodontics. The computational power of finite element analysis makes it possible to 
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simulate the physical properties of the aligner that were predicted only theoretically, 

without taking into account individualization. Some virtual simplifications do not affect 

the result or their consideration goes beyond the evaluation and diagnostic requirements. 

To mimic real device behaviour, uneven virtual aligner thickness was manually adjusted 

(virtual model thickness was corrected based on real aligner sidewall measurements) 

(Figure 127, 128). However, other physical and chemical properties that reduce the 

aligners’ strength should also be taken into account. The study was carried out in order to 

clearly understand how aligners could be modified to reduce treatment time and improve 

treatment control. On virtual models, the need of an individual approach was 

demonstrated without the use of standard protocols and with the possibility of choosing 

only one specific type of trimming of the aligners. 

 

 

Figure 127 - Uneven anterior aligner 

thickness 

 

Figure 128 - Uneven aligner thickness 

in the posterior region 

Aligner model wall thickness has been manually reduced to recreate better physical 

behaviour during FEA. 

Straight cut aligners have shown the best stability and predictability in relation to 

the planned models at every stage. When trimming along the gingival margin, the design 

is highly deformed during initial activation and poorly distributes pressure on the teeth, 

which leads to deviation from the steps planned in the virtual setup. 
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The options for constructing mathematical calculations proposed in the literature 

were not suitable for performing the assigned tasks. As a result of the analysis, it was 

concluded that simplifications in virtual models does not affect the whole pattern and its 

demonstration for understanding the distribution of forces, strains and stresses in the 

appliance. 

Preclinical simulations of tooth movement have shown that scalloped aligners can 

be drastically deformed, resulting in a change in the direction of tooth movement. This, 

in turn, will cause a deviation from the treatment plan and will lead to the need for its 

adjustment. Scalloped aligners deform in areas with the least amount of material or in the 

thickest area, which may go unnoticed by the orthodontist. To avoid this, pre-clinical 

modelling should be done and areas of interest should be reinforced with additional PET-

G material. 

A comparison was made of deformed aligner models with a straight and scalloped 

trimming (figure 129). Aligners with gingival trim showed less resistance to deformation. 

Forces directed to the occlusal and lateral surfaces of the teeth, perpendicular to the 

occlusal plane, imitated the presence of attachments with a uniform attachment area over 

the entire surface. This simplification of the model was made to exclude possible 

additional deformations arising from attachments when analysing the topology of aligners 

in certain places of interest, and to create the possibility of generalizing the mathematical 

model. 
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Figure 129 - Deviation map showing the difference in deformities between high and 

gingival margins 

 

3.5.3 Three-dimensional models creation for FEA  

Using the three-dimensional models of the dentition obtained by the intraoral 

scanner, virtual treatment plans for orthodontic patients on aligners were set up and virtual 

models of aligners were created. This complex was placed in the ANSYS software 

environment, in which an architecture for calculating the deformations of the aligners was 

formed (figure 130). The architecture developed in this way allows the placement of 3D 

models of dentition and aligners without re-creating the environment and quickly 

obtaining the results of finite element analyses (figure 131). 
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Figure 130 - Structure of models in ANSYS Workbench 

 

 

Figure 131 - Architecture of ANSYS Workbench for each model 

 

A new original design of orthodontic aligners’ mathematical model was developed, 

different from the design used by other researchers and not previously described in the 

literature. The developed basic design algorithm was subjected to modifications for each 

clinical case separately. The modified aligners’ effectiveness was determined by the 

degree of deformation and load distribution of the entire aligner design. 

The CAD system was used to calculate the deformations of the aligners and to 

visualise the load and strain distribution maps. This visualisation clearly showed the areas 

of the aligners' design that need to be reinforced.  
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Based on the results of mathematical analysis, the methodology of scalloped and 

straight trimming of aligners depending on the gingival biotype was justified. In case of 

a thin gingival biotype, scalloped trimming of the applied aligners is used. Aligners are 

reinforced with high trimming in areas requiring active movement of individual teeth 

(traction, mesio-distal movements, rotations). 

A comparative analysis of the existing standard techniques for the fabrication of 

orthodontic aligners with additional reduction of the trimming edges in those cases where 

there are periodontal changes has been carried out. 

The findings indicate the following results of the study: 

1) Aligners trimming individualisation according to the clinical situation and the 

defined gingival biotype is important.  

2) Aligners beam elements modification with the use of aesthetic pontics is necessary.  

3) Achieved an increase in structural strength by modifying the topology of the 

aligners. 

4) Increased the efficiency of orthodontic treatment on aligners. 

5) Achieved a reduction in the number of revisions during treatment with aligners. 

6) Achieved improved aesthetics without compromising durability. 

7) Achieved aligners’ topology optimisation without loss of function. 

8) Developed a new concept of models for CAD analysis.  

9) Three-dimensional models of scanned dentition were processed.  

10) Created virtual models of aligners with modified topology. 

11) Developed mathematical study design in engineering software. 

12) Processed and optimised three-dimensional models for CAD work. 

13) Material properties for aligners with certain physical properties were selected and 

used in the practical part of the study. Their physical and chemical coefficients were 

established from the data of different sources. Further, these data were imported 

into the working environment of Ansys engineering software.  
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14) The calculations of different variants of modifications in the topology of the 

aligners for each patient were carried out. 

15) Conclusions were drawn for modifying and improving the topology of the aligners 

in each clinical case. 

16) General characteristics of modification of aligner topology in similar clinical cases 

are developed. 
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3.6 Clinical and laboratory methods 

The development of the treatment plan was carried out in the Maestro Ortho Studio 

V5 software, taking into account the set clinical goals and objectives. An example of the 

development of a treatment plan according to selected criteria is presented, in which it is 

possible to use optimization and improvement of the topology of a set of aligners (figure 

132, 133). 

 

Figure 132 - Development of a treatment plan using attachments, starting position 
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Figure 133 - Development of a treatment plan using attachments, final position 

 

Treatment planning took place taking into account the clinical goals and objectives 

of each patient, all the norms of restriction and the norms of movement of each tooth, the 

order and combination of movements were performed in accordance with the 

physiological capabilities of the body and the aligner design physical property (figure 

134). 
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Figure 134 - Building models with limitations of tooth movements 

 

In a number of clinical cases, after creating a number of models in the traditional 

way with the help of reinforcement with a beam element, modified aesthetic elements 

were introduced, along with functional ones (figure 135,136).  

 

Figure 135 - Beam connection modification by adding a partial pontic 
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Figure 136 - Selecting the shape and size of a partial pontic when modelling the 

modification of a beam connection 

 

The resulting models were processed in the Photon Workshop V2 software and sent 

to the SLA printer based on the LCD display for stereolithographic printing of 3D models 

Anycubic Photon S (figure 137). 
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Figure 137 - Photon Workshop V2 Software Workspace 

 

The printed models were processed in isopropanol and exposed in a UV chamber 

for 45 minutes (figure 138). 

Aligners were fabricated using a vacuum former. Next, trimming was performed 

taking into account the topology and extending the edges in places with the highest load 

(figure 139). 
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Figure 138 - Printed 3D model on the Anycubic Photon S 3D SLA printer after 

processing in isopropanol and UV cure 

 

Figure 139 - Printed thermoformed and trimmed aligner 
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At the initial stages of treatment, the appliances were created with modified 

trimming and were made without functional changes in topology, and also had no 

aesthetic changes (figure 140, 141). 

Figure 140 - Beam-reinforced aligner set without aesthetic component 

 

Figure 141 - Aligner template with standard bar reinforcement 
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The aesthetic pontic aligners were then treated with bonding and a thin layer of 

flowable composite. The composite colour was selected according to the patient's teeth 

colour (figure 142). 

 

Figure 142 - Applying a pontic with a flowable composite material 

 

After applying each layer, exposure to a UV lamp was carried out for 15 seconds. 

After applying the last layer, the translucency of the layers was assessed. The final 

exposure was carried out for 30 seconds (figure 143). 
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Figure 143 – Composite layers of pontic curing with UV light 

 

Comparison of aligner designs with and without aesthetic-functional topology 

modification (figure 144). 

 

Figure 144 - Aligner with and without beam reinforcement and aesthetic component 
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Clinical examples of the initial stages of treatment without changes in the aligners’ 

topology were performed using aligners manufactured in the clinic as well as Flexiligner 

designed aligners (figure 145 - 150). 

 

 

Figure 145 - Virtual treatment plan step #1 
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Figure 146 - Aligners without modification of the aesthetic component, made by the 

author 
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Figure 147 - Virtual treatment plan step #16 

 

Figure 148 - After finishing distal tipping in step #16 
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Figure 149 - Standard aligner trimming protocol treatment (Flexiligner) Step #1 

 

 

Figure 150 - Aligners without an aesthetic component, made according to the standard 

Flexiligner protocol at the stage of treatment 

 

3.6.1 Treatment protocol with aligners 

After working with virtual models and calculating the required aligners’ topology, 

step-by-step models of the patient's dentition were printed on an SLA printer according 

to the treatment plan, and the aligners with modified topology were fabricated by 

thermoforming on the printed models. Aligners trimming was performed according to the 

marks on the 3D model in accordance with the trimming modification. 
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Patients with modified aligners experienced no breakage despite excessive loading 

during removal and wear. An example of irreversible deformation of an aligner (figure 

151). 

 

Figure 151 - Irreversible deformation of aligner with standard design 

 

Modified aligner topology eliminated patient complaints about aligner pressure 

where teeth are missing, achieving unsupported load distribution on the mucosa. In the 

areas of high load and aesthetic requirements (premolar areas), the result also 

corresponded to the virtual treatment plan.  

The flowchart (Figure 3) shows all the steps involved in the development of the 

treatment protocol with aligners, while the flowchart for clinicians (Figure 152) shows a 

ready-made recommended protocol for the management of patients with aligners. 

The set of actions presented in this paper allows us to combine the patient's clinical 

data into a single array and make the treatment process as individualised as possible by 

automating it. The result of each step is both an independent dataset and the basis for the 

next one. For example, segmented models from CT scans are independent digital objects 

for planning surgical and orthodontic manipulations. However, for modelling aligners, 

the segmented model is one of the steps in the work. In turn, the flowchart shown in figure 
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152 is an optimized map for orthodontists working with the digital protocol. It will help 

the clinician increase efficiency and save time when seeing patients as well as managing 

laboratories involved in the fabrication of aligners. 
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SUMMARY 

Various malocclusions have a very high prevalence, indicating the need to find an 

effective orthodontic treatment with no recurrence [5, 32]. 

There are various methods of bite correction. Obviously, the most technologically 

advanced ones, i.e. those that use digital technology to make them completely predictable, 

are now taking centre stage. At the moment, such a technique is the treatment with 

aligners [104, 170, 192]. 

The aligners’ introduction in 1997 has had a major impact on the development of 

orthodontics. These appliances take into account the teeth individual anatomy and can 

move the teeth with optimal forces that are safe for the periodontium. The movements of 

the teeth are more physiological and the resulting treatment effect is more individualised 

and corresponds to the shape of the dental arches and the surrounding soft tissues. 

With the use of modern digital technologies and their combinations [85, 180, 304] 

it is possible to analyse and predict the risks of complications in detail. If the topology of 

the aligner is incorrectly chosen, excessive forces may be applied to the moving tooth or 

excessive pressure may be exerted on the gingiva, especially on gingiva with a thin 

biotype, which may lead to recession. Hence, in order to avoid complications in the form 

of gingival recession, an accurate and simple method of determining the biotype of the 

oral mucosa is essential [232]. 

Protocols, which are currently used with aligners, are insufficiently studied and 

may not take into account all the influence of oral mucosal biotype on the final outcome.  

Aim of the study: effectiveness improvement of orthodontic patients’ complex 

treatment with clear aligners. 

One of the most important topics in modern dentistry is to determine the gingival 

biotype. This is important for developing an effective treatment plan and minimising 

potential complications such as gingival recession. 
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In clinical practice, special attention is given to the thin gingival biotype; during 

orthodontic treatment, patients with a thick gingival biotype may develop a localised form 

of periodontitis; in the case of a thin biotype, the likelihood of recession is much higher, 

as loss of gingival attachment leads to marginal inflammation and resorption of the 

alveolar wall. 

Before starting the orthodontic treatment, it is important to ascertain the initial 

status of the orthodontic patient and their readiness for treatment. In most cases, if hygiene 

is poor, the patient should be educated on oral hygiene and scheduled for a follow-up visit 

to check hygiene indices. If oral hygiene is poor during orthodontic treatment, 

complications related to inflammation of the gingiva will occur. Also, in the presence of 

inflammation of the gingiva before orthodontic treatment, errors in determining the 

gingival biotype and the choice of treatment tactics will inevitably occur. 

 The use of a convolutional neural network (CNN) in orthodontic practice takes the 

treatment process to a higher level. This creates exceptional possibilities for 

individualising the aligners’ topology.  

Recent studies show that when convolutional neural networks are used in the case 

of computerised cephalometric analysis, the results are better than when performed 

manually by a radiologist or orthodontist [119, 184, 236]. 

Neural networks can analyse CT and identify upper and lower jaw bone 

pathologies, bone levels or the location of retained teeth.  

Converged neural networks are also used for various tasks related to tooth 

segmentation and digital model analysis. 

The digital models of the teeth obtained by the intraoral scanner are a single object, 

similar to a plaster model. Therefore, each tooth must be divided (segmented) in software. 

Fully automated software automatically segments and aligns teeth based on 

intraoral scan data. 
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Tooth segmentation is an important step for reconstructing a 3D tooth model. 

Advances have been made in automatic segmentation algorithms using machine learning 

and deep learning. The results of these studies indicate the significant superiority of deep 

learning methods in orthodontics over other high-performance algorithms. 

Segmentation using AI (artificial intelligence) or NS (neural networks) is further 

used to work with patients to create a digital treatment plan and to precisely control the 

position of tooth roots.  

At the first stage of the work progress for this study, the patients' oral cavity was 

scanned using a Planmeca Emerald™ intraoral scanner (Planmeca, Helsinki, Finland) and 

three-dimensional dental models were created. The models were processed and manually 

segmented into individual models of each tooth and soft tissues.  

In the second stage of the work progress, patients CT data was obtained, manual 

CT segmentation was performed, and AI was applied in CT segmentation. The following 

variants of segmentation of cranial bone structures and individual teeth are presented in 

this work:  

1. Manual segmentation 

2. Smart grid tool 

3. WaterShed 

4. Automatic with AI 

For the manual method, the first step is to process the CBCT data and segment the 

hard bone and teeth tissues using the Hounsfield scale to create a 3D model without the 

use of filters and image modifications. Each dataset in dicom format was processed in 

Mimics inPrint 2.0 and Mimics PRO Plan CMF 3.0 software.  

When using AI, with the presence of a trained model, segmentation is automatic 

and takes a few seconds. In the absence of such a model, the training takes a long time, 

but it is much shorter than the manual method.  
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The data used in the study were acquired using a CBCT machine and processed in 

Dragonfly software (v.2022.2, Objects Research Systems, Montreal, QC, Canada). The 

HU values of the CBCT data were normalised to standardise the training of the neural 

network.  

Pre-processing was required to reduce the amount of computed data. After 

normalisation, semantic segmentation of CBCT was performed. Next, data augmentation 

was performed, which is a method of artificially creating more training samples to 

increase the diversity of the training data. Manual segmentation was performed with U-

Net training and the final result was semantic segmentation of images using U-net. 

In this study, the efficiency of image segmentation was significantly improved by 

training the network by manually marking five images. In the future, by expanding the 

amount of data, fully automatic segmentation and identification of multiple tissues in the 

oral cavity can be performed. By doing so, the accuracy of automatic segmentation will 

be improved, which will significantly improve automated diagnosis in dentistry. 

At the third stage of the course of work, after processing of CT data, segmentation 

of bone structures and segmentation of teeth and oral mucosa on three-dimensional 

models of dental rows, all data were superimposed and compared into a single whole. 

This made it possible to obtain separate layers of bone tissue, soft tissues of the oral cavity 

and reference teeth. Determination of distances from the surface of the mucosa model to 

the bone structures and combined tooth models determined the aggregate mucosal 

thickness colour map, and the zone distribution and graphical data allowed analysis to 

determine the gingival biotype. 

The conducted studies showed that the dispersion analysis of distribution zone 

revealed three types of oral mucosa - thin, thick and mixed, which corresponds to 

traditional studies using a periodontal probe test. The result of the work was the creation 

of a correlation model of the mucosal thickness digital map. A new method for obtaining 

a digital map of gingival biotype was proposed. 
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At the fourth stage, the development of orthodontic treatment plans for patients was 

made in Maestro Ortho Studio V5 software. Clinical goals and objectives for each patient 

were taken into account during treatment planning. All restriction, norms of movement 

of each tooth, order and combination of tooth movements were performed according to 

the physiological capabilities of the organism and aligner design and materials physical 

properties. 

Since the basic principles of biomechanics are based on average values, the 

individual characteristics of each specific patient are not taken into account. When the 

individualisation of the orthodontic treatment of the patient is absent, some aligners 

physical properties are lost [96]. The aim was to obtain a visual representation of 

deformations and stresses in the aligner by using calculations in physics and mathematics 

software packages, and to use the results for optimising the aligner design. 

In the fifth step, the physical properties of the PET-G material were taken and 

implemented into the working environment of ANSYS software (ANSYS V.18; ANSYS 

Inc., Canonsburg, USA) in the modelling of the virtual aligner model. 

Since none of the methods previously reported in the literature were suitable for 

this task, a new technique was developed to fit the aligner appliance on the tooth arch. In 

the new method, the movements of both the aligner and the dentition were selected in 

such a way that the edges of the aligner do not deform from contact with the teeth models, 

and the model creates a realistic trajectory of the aligner fit on the dentition. 

In order to create models for analysing the topology of an aligner with an aesthetic 

component, different types of beam joints suitable for modification with an aesthetic 

component were developed and analysed. The study design with specific aligner physical 

parameters and the base model of the dentition was taken from the previously developed 

one and modified to suit the required task for each clinical case separately.  
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For the investigated control set of aligners, in order to obtain reinforcement and 

increase the elasticity of the structure, a standard type of beam connection was selected 

and analysed for deformation and stress in the appliance structure.  

Orthodontic designs with aesthetic components obtained from the simulations were 

processed in ANSYS mechanical software for further analysis. 

The comparative set of aligners included standard clinical solutions with aesthetics 

in mind by creating a pontic in the area where the tooth was missing. 

Finite element mathematical analysis has shown the weaknesses of the beam and 

pontic type structures, as well as possible ways to modify them. 

Based on the analysis of both designs, it was decided to modify them. That is, to 

obtain a new design that would incorporate both the aesthetics and functions of both types 

of connections. This solution made it possible to relieve the gingival load in the area of 

the lost tooth without disturbing the aligner force structure, in addition to improving the 

aesthetic component of the design, which usually leads to increased patient motivation in 

the treatment process.  

According to the results of finite element analysis, the topology of the aligner has 

a strong effect on its resistance to deformations. Unforeseen deformations in the aligner 

redirect forces from the lateral surfaces of the structure to the occlusal surface, which in 

turn affects the predictability of treatment and can lead to deviations from the initial 

virtual treatment plan, as well as the need for additional adjustments during the clinical 

appointment.  

From the visual analysis of the obtained data, it is possible to make a conclusion 

about the areas of maximum stress of the structure, its physical properties and the pressure 

(applied forces) on each tooth and the entire arch as a whole. Visualisation of the stresses 

in the structure of the aligner helps to determine the optimal form of trimming in certain 

places, which are individual for each clinical case, as well as to increase the strength of 

the structure, its resistance to wear, microcracks and breakage. 
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Straight trimmed aligners showed better stability and predictability with regard to 

predicted outcomes at each step. When trimming along the gingival margin, the design is 

highly deformed during initial activation and poorly distributes pressure on the teeth, 

resulting in deviations from the steps planned in the virtual set-up.  

In the sixth step of the progression, the obtained dental models were processed in 

Photon Workshop V2 software and then sent to an LCD-based SLA printer Anycubic 

Photon S for 3D models stereolithographic printing. 

The 3D printed models were washed in isopropanol and cured in an UV light 

chamber for 45 minutes. 

The aligners were fabricated using a vacuum former. Next, topological trimming 

was performed and the edges were extended in the most stressed areas. 

In the initial stages of treatment, orthodontic structures were created with modified 

trimming and were made without functional changes in topology, and were not 

aesthetically modified. 

The aligners with aesthetic pontics were then treated by applying bond and a thin 

layer of liquid-flow composite. The colour of the composite was matched to the colour of 

the patient's teeth. 

Clinical examples of initial treatment phases without changes to the topology of 

the aligners were performed with the production of the aligners in the clinic as well as 

orders from Flexiligner. 

In addition to the high demands placed on the aesthetics of aligners, the designs of 

aligners must also fulfil their direct function. In finite element studies, it has been 

confirmed that in aligners there is additional stress on the upper and middle thirds of the 

incisors on the vestibular surface [84, 200, 324]. 

This effect was also confirmed in the study, but it could not be avoided completely. 

The effect can be reduced by adding reinforcing ribs on the vestibular side and increasing 
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the height of the aligner in the anterior region on the palatal and vestibular sides. When 

performing treatment with aligners with extraction or primary and secondary adentia, the 

aligner is subjected to increased physical demands in addition to aesthetic properties. 

Therefore, combined pontic designs have been developed in the course of this work. A 

pontic is placed on the cheek or vestibular side and a bar reinforcement is placed on the 

lingual or palatal side. According to FEA calculations, this type of aesthetic pontic 

modelling distributes the loads as with a bar connection alone, but with an aesthetic 

pontic. This results in a minimal complications probability and better control of tooth 

movement. 

For the new orthodontic treatment protocol, a method of obtaining an individual 

gingival biotype map is proposed in order to individualise the amount of trimming of 

aligners with the least changes in their physical properties and to ensure an individual 

approach to achieve the best planned result. The gingival biotype map will also be very 

useful in dental surgery; it will greatly facilitate the work of surgeons when placing 

orthodontic mini-implants. The digital mucosal biotype map reduces the time of clinical 

appointments and does not require additional procedures, including invasive ones, to 

obtain the necessary information about the thickness of the oral mucosa in problematic 

points. The biotype map also provides not only the possibility of selecting the overall 

trimming of the aligners for both jaws, but also individualisation for each jaw separately.  

The proposed new protocols significantly reduce the likelihood of orthodontic 

treatment complications due to patient noncompliance and violation of protocols for 

wearing aligners and elastics. 

A solution to another problem in the use of aligners, non-physiological pressure on 

the patient's oral mucosa, has been proposed. When using removable appliances (usually 

partial removable dentures), the masticatory load is distributed through the denture base 

to the mucosa and bone tissue, which is a major disadvantage. Since the oral mucosa does 

not have morphological structures that can absorb the pressure, the mucosa is compressed, 
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which in turn leads to circulatory disorders in these areas. A similar situation occurs with 

prolonged use of aligners, when an aligner support is placed in place of a lost tooth [3, 

12, 14, 15]. Using finite element analysis, the places of excessive pressure on the mucosa 

when the aligner is activated are clearly visible. By altering the aligner's topology or 

structurally reinforcing specific areas, it becomes possible to lessen or eliminate pressure 

on the mucosa during aligner deformations, as demonstrated by the author's study. A new 

protocol for modifying the aligner topology using finite element analysis has been 

developed. 

Stress data visualisation generated in the aligner structure during activation gives 

full control over the load on the teeth, the distribution of orthodontic forces and the 

direction of these forces on each tooth involved in movement and anchorage. 

However, the mass use of the finite element method as a mandatory protocol in 

orthodontic treatment directly by clinicians is a matter of time, as it faces the problem of 

increasing computing power. At present, the finite element method is used by most 

companies manufacturing aligners, but the data is closed and does not affect the protocols 

of orthodontic patient management, it only helps to choose the thickness and hardness of 

the material from which the aligners are made.  

All the goals and objectives set in the paper were successfully fulfilled. The study 

proposes a new mandatory orthodontic treatment protocol using AI-assisted automatic 

segmentation to monitor the position of tooth roots and better predict treatment. In terms 

of complications prevention, this provides the safest approach (dehiscence and 

fenestration). This protocol also provides a more complete picture of the choice of 

position and shape of the attachments to achieve the planned orthodontic treatment 

outcome.  
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CONCLUSIONS 

1. Using three-dimensional models of dental arches obtained by an intraoral scanner, 

virtual treatment plans for orthodontic patients with aligners were created. 

2. Computed tomography (CT) data of orthodontic patients was obtained. Data 

segmentation was performed using manual segmentation, watershed segmentation, 

area segmentation, and using a trained U-Net neural network. A comparative analysis 

of the methods was performed and the most technologically advanced segmentation 

method using AI with great potential for further application was selected. 

3. A new algorithm for creating a digital map of the oral mucosa biotype was 

developed. The algorithm combines digital data from three-dimensional models 

obtained with an intraoral scanner and segmented bone structures from CT scans 

using AI. The absence of inflammatory processes in the oral mucosa of orthodontic 

patients was assessed using the PMA index with the use of the "Colour-test №1". 

A comparative analysis of the oral mucosa biotype determination using the 

traditional method and the developed digital maps was performed. 

4. A new original design of mathematical models of orthodontic aligners was developed, 

which is different from the design used by other researchers and has not been 

described in the literature before. The general developed design algorithm was 

modified for each clinical case separately. The efficiency was determined by the 

degree of deformation and the distribution of load on the entire aligner structure. 

5. A comparative analysis of existing standard methods for manufacturing orthodontic 

aligners, taking into account the additional trimming of the edges in areas with 

changes in the periodontium was performed. Using the computer-aided design 

system, the aligners’ deformations calculations were obtained and maps of the loads 

distribution and deformations were presented. Such visualization clearly showed the 

areas in the aligners design that need to be strengthened. 

Based on the mathematical analysis results, the methods of using scalloped and 

straight aligners trimming depending on the gingival biotype were justified. With a 
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thin gingival biotype, a scalloped aligners trimming is used. Aligners must be 

strengthened with a high cut in places of active movement of individual teeth 

(traction, mesio-distal movements, rotations). 

According to the results of the finite element analysis of orthodontic structures with 

combined aesthetic components, it was proved that the obtained structure has 

improved physical and aesthetic properties. 

6. A digital protocol for orthodontic treatment with aligners was developed according to 

the selected criteria. Based on the trained neural network model, finite element 

analysis and digital maps of the oral mucosa, a new orthodontic treatment protocol 

was proposed, the use of which leads to further individualization and optimization of 

orthodontic treatment. The protocol allows to improve the quality, save time and 

increase patient compliance during treatment. 
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CLINICAL GUIDELINES 

A new mandatory protocol for orthodontic treatment has been proposed, utilizing 

automatic segmentation to meticulously control root positions and predict treatment 

outcomes. Notably, this approach offers the safest method for preventing complications 

like dehiscence and fenestration. Additionally, the protocol provides a comprehensive 

overview for selecting attachment positioning and shape to achieve optimal treatment 

results. 

For a new orthodontic treatment protocol, an individual mucosa biotype map is 

needed in order to individualize the amount of aligners trimming with the least changes 

in their physical properties and provide an individual approach to achieve the best planned 

result. The mucosa biotype map will also be very useful in dental surgery; it will greatly 

facilitate the work of surgeons when installing orthodontic mini-implants. The oral 

mucosa digital map biotype reduces the time of clinical admission and does not require 

additional procedures, including invasive ones, to obtain the necessary information about 

the oral mucosa thickness at problem points. Also, the biotype map provides not only the 

possibility of choosing a common aligner trim for both jaws, but also individualization 

for each jaw separately. 

The proposed new protocols significantly reduce the likelihood of orthodontic 

treatment complications due to patient compliance and violations of the protocols for 

wearing aligners and elastics. 

The use of the finite element method as a mandatory protocol in orthodontic 

treatment directly by the doctor is a matter of time and increasing computing power. To 

date, the finite element method is used by most companies manufacturing aligners, 

however, the data is confidential and does not affect the protocols for managing an 

orthodontic patient in any way, but only helps to choose the thickness and stiffness of the 

material from which the aligners are made. 
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With the introduction of the above methods into practice and with the greater use 

of AI in each of these processes, today the orthodontist can already plan treatment with a 

completely predictable result and with the least dependence on patient compliance. 
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LIST OF ABBREVIATIONS 

AI: Artificial Intelligence  

CAD: Computer Aided Design Systems 

CAT: Clear Aligner Therapy 

CBCT: Cone Beam Computed Tomography 

CNN: Convolutional Neural Network  

CT: Computed Tomography 

DL: Deep Learning  

FCN: Fully Convolutional Network 

FEA: Finite Element Analysis  

GAN: Generative adversarial network 

PET-G: Polyethylene terephthalate glycol  

RFCN: Region-based Fully Convolutional Network  

RNN: Recurrent neural network 
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