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Article

Biomechanical Effects on Periodontal Ligaments
during Expansion of the Maxillary Arch Using
Thermoformed Aligners Modeled by Computational
Methods

Edward Stiven Rodriguez Urete *, Gustavo Adolfo Rojas Pinilla * and Jose Isidro Garcia Melo *

Escuela Militar de Aviacién Marco Fidel Sudrez
* Correspondence: edward.rodriguez@upb.edu.co (E.S.R.U.); gustavo.rojasro@emavi.edu.co (G.A.R.P.);
jose.garcia@univalle.edu.co (J.I.G.M.)

Abstract: Purpose: this paper evaluates the effect of thermo-formed aligners with complementary
biomechanical attachments (CBA) on periodontal ligaments (PDL) during the expansion process of the
maxillary arch using simulations based on the finite element method (FEM). Methods: four types of teeth
(canine 3, premolar 4, premolar 5 and molar 6) were modeled using 3D CAD. In addition, aligners, CBAs and
PDL were also 3D modeled. With this information, a FEM model was generated, and a clinical rehabilitation
scenario was simulated. For the validation of the results, a comparison with medical records was performed.
Results: for canine 3, the displacement was 0.134 mm with a maximum stress of 4.822 x10MPa in the
amelocemental junction. For premolar 4, the displacement was 0.132 mm at a maximum stress of 3.273x10-*MPa
in the amelocemental junction. Premolar 5 had a displacement of 0.129 mm and a stress of 1.358 x10°MPa at 1
mm from the amelocemental junction. Molar 6 had a displacement of 0.124 mm and a maximum stress of 2.440
x10-*MPa. Conclusions: The simulations showed that the use of CBA reduces tooth tipping. The model with
Vestibular CBA presented the best results in terms of the dental movement of expansion of the maxillary arch
with the use of thermoformed aligners. Significance: Considering the difficulty of performing in vivo tests that
evaluate the configuration effectiveness of the different CBA alternatives in thermoformed aligners, FEM
techniques were used to reduce time and costs, and get accurate results with minimal errors.

Keywords: amelocemental junction; FEM simulation; maxillary arch; thermo-formed aligners;
complementary biomechanical attachments CBA

Zusammenfassung-

Ziel: Diese Arbeit konzentriert sich auf die Bewertung der Wirkung von thermogeformten
Alignern mit komplementédren biomechanischen Attachments (CBA) auf das parodontale Ligament
(PDL) wéahrend des Expansionsprozesses des Oberkieferbogens unter Verwendung der Finite-
Elemente-Methode (FEM) zur Simulation.

Materialien und Methoden: Vier Zahntypen (Eckzahn 3, Pramolar 4, Pramolar 5 und Molar 6)
wurden mit CAD in 3D modelliert. Zuséatzlich wurden Aligner, CBAs und PDL ebenfalls 3D-
modelliert. Mit diesen Informationen wurde ein FEM-Modell erstellt und ein klinisches
Rehabilitations-Szenario simuliert. Zur Validierung der Ergebnisse wurde ein Vergleich mit
medizinischen Aufzeichnungen durchgefiihrt.

Ergebnisse: Fiir Eckzahn 3 betrug die Verschiebung 0,134 mm und eine maximale Spannung
von 4.822 x10-3MPa in der amelozementalen Verbindung. Bei Pramolar 4 betrug die Verschiebung
0,132 mm und die maximale Spannung 3.273x10-3MPa in der amelozementalen Verbindung.
Pramolar 5 hatte eine Verschiebung von 0,129 mm und eine Spannung von 1.358 x10-3MPa in 1 mm
Entfernung von der amelozementalen Verbindung. Molar 6 hatte eine Verschiebung von 0,124 mm
und eine maximale Spannung von 2.440 x10-3MPa.

Schlussfolgerungen: Die Simulationen erlaubten die Feststellung, dass die Verwendung von
CBA das Kippen der Zahne reduziert, und das Modell mit vestibuldrer CBA zeigte die besten
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Ergebnisse in Bezug auf die Zahnbewegung der Ausdehnung des Oberkieferbogens bei der
Verwendung von tiefgezogenen Alignern.

Signifikanz: In Anbetracht der Schwierigkeit, In-vivo-Tests durchzufiihren, die eine Bewertung
der Effektivitat der Konfiguration der verschiedenen CBA-Alternativen in den thermogeformten
Alignern ermoglichen, reduziert die Verwendung von FEM-Techniken Zeit und Kosten und liefert
genaue Ergebnisse mit minimalen Fehlern.

Schliisselworter-  amelozementaler ~ Ubergang, = FEM-Simulation, = Oberkieferbogen,
thermogeformte Aligner, komplementare biomechanische Attachments CBA.

1. Introduction

Currently, it is estimated that between 20 to 30% of the world's population has alterations in
occlusion that require orthodontic treatment [1]. This scenario has motivated the interest of studies
aimed to improve the treatment procedures of these clinical conditions [2-3]. For example, according
to Tang [4] and Lee [5], an orthodontic procedure commonly applied to patients with insufficient
transverse development of the upper jaw, called a posterior cross bite, is the expansion of the
maxillary arch by mechanical devices, such as brackets and thermoformed aligners. Brackets are
manufactured in different rigid materials that adhere to the tooth with dental resins; these devices
are interconnected by a wire with different degrees of flexibility, which is molded to induce a load to
the tooth through the bracket, according to the required tooth movement [6].

On the other hand, aligners are formed from sheets of thermoformable polymer covering the
surfaces of dental crowns [7-8]. These devices are customized through digital technologies to induce
forces to generate the required tooth movement [7]. Some authors suggest the use of aligners in
conjunction with complementary biomechanical attachments (CBA), also known as “couplers”, to
generate more accurate tooth movements, both in the rotation of the canine and the expansion of the
maxillary arch, by orientating the induced forces [9-10]. In contrast, other authors disagree and
suggest that these couplers do not affect tooth retention [11]. This divergence of results suggests that
deeper research is required in this area. In this sense, considering the size and variety of injuries at
the maxillofacial level, it is of scientific interest to have tools that analyze the different configurations
of the devices used in treatments and their effect on the expansion of the maxillary arch.

However, the evaluation of these technologies usually requires in vivo studies and laboratory
tests, which may incur operational, practical and ethical problems that hinder the development of a
clinical investigation [12]. Additionally, in vivo tests often present inaccuracies when quantifying the
behavior of tooth movement and its effects on soft tissue, such as bone or periodontal ligaments
(LDP). That is, it is extremely difficult to faithfully reproduce these behaviors in controlled laboratory
tests. In this context, computational modeling emerges as an option in this area, since the finite
element method (FEM) can discretely model tooth movement, thereby generating an analytical tool
to gain an understanding of behavior and for obtaining approximate solutions to a wide variety of
problems at the maxillary level [13,14].

Dental movement has been widely studied and recognized for its complexity, due to the factors
and effects related to the application of a force to the tooth, in conjunction with the interaction models
of the bone or periodontal ligaments (PDL) [9]. Some authors have used FEM to estimate the
mechanical responses of biomaterials and tissues. For example, in Silva [12] FEM was used for the
analysis of tooth movement considering tissues as homogeneous, isotropic, and non-viscous material.
Two studies, Bourauel [15] and Gomez [16], presented the responses of PDL to a load in conjunction
with the movement generated by a dental bracket.

In Houle [17], a clinical investigation focused on the evaluation of predictability in tooth
movement (a parameter that compares the actual displacement achieved by aligners, with values
estimated prior to treatment, using specialized software) when using thermoformed aligners in 64
adult patients. These results showed that the approximations made with FEM models are comparable
to reported clinical studies.

In Ziegler [18] the FEM was used to determine the relationship between the stresses in the PDL
with the loads present in the alveolar bone. In Cattaneo [19] the influence of several parameters was
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evaluated, such as morphology, material properties and boundary conditions, on the behavior of the
PDL and the alveolar bone. In Gomez [16] a FEM model was generated to estimate the interaction
between the right upper canine, the alveolar bone and PDL using a thermoformed plastic aligner and
two thermoformed CBAs to generate a 0.15 mm distal movement in the aligner.

In Liu [20] numerical research was carried out to estimate the distribution of stresses in PDL by
thermoformed aligners of different caliber. In Barone [21] an evaluation was done on the effect of
different CBAs on the rotation of the canine; in this case, computed tomography of a patient was used
to define the upper denture. Although previous studies have used FEM for the analysis of dental
movements, according to [22-23], the use of a single mathematical model for the presentation of
results can be biased or generate inaccurate results, which suggests further studies need to be
performed using FEM in the analyses of dental applications. Additionally, the increased use of
thermoformed aligners with CBAs for orthodontic treatments, such as: anterior and posterior cross
bite, maxillary expansion and dental crowding has also been considered [7, 15, 18-19]. This area
shows a potential for contribution to analysis of the effect of CBAs in PDL during the process of
transverse expansion of the maxillary arch with thermoformed aligners, which is central to this
research work.

2. Methods and Materials

Initially, through a literature review and expert consultation, the physical properties were
defined (geometry: thermoformed aligners and complementary attachments), setting the expansion
of the maxillary arch, mechanical properties (Young's modulus, coefficient of friction between the
tooth plate and crown), periodontal ligament model and load state for the required maxillary arch
configuration. Subsequently, a CAD model of teeth 3, 4, 5 and 6 was generated showing their
respective periodontal ligaments and the configuration of the three different thermoformed plates
(without CBA, with CBA in vestibular (VCBA) and by palatine (PCBA)) based on a full-scale cloud
of points for all permanent dentition of the patient. Then, the FEM model was generated, which
characterized the movement of the expansion of the maxillary arch by specifying the stresses and
deformation states in the teeth and periodontal ligament. The model without CBA was compared
with a predictability study [17] and the load states [24]. Finally, the results of the models with and
without the CBA’s were compared, to evaluate the effect on the PDL when performing the expansion
in the maxillary arch, from the canine to the molar.

In Houle [17] the predictability of arch expansion using thermoformed aligners was
investigated. In a sample of sixty-four white adult patients, the mean accuracy of expansion was
estimated as 72.8% for the maxilla and 87.7% for the lower arch, a detailed description of the approach
performed is described in Houle [25]. According to Garcia [26], the sample size was selected by
assuming that 70% of the expansion could be achieved with a margin of error of 10%; the calculation
was based on a statistical power of 0.8 and a 95% confidence interval. The sample consisted of 41
women and 23 men, with an average age of 31 years. Data was digitized using the Align Technology
iTero Element 2 ® scanner and restoration STL files were generated, both pre- and post-treatment.
For 3D inspection and to measure displacement the software Geomagic Qualify 12.1® form 3D
Systems was used. To map out the rehabilitation protocol from the first to the last aligners Clincheck
6.0® software from Invisalign was used, taking as a reference the peaks of the teeth, such as the
canine, first premolar, second premolar, and first molar. An indicator was established, called the
percentage of predictability, which contrasts the displacements achieved by the plaques in patients,
compared to what was estimated prior to treatment using the Clincheck ® software [25]. This
software only considers the displacements or movements of the teeth involved. The predictability
percentage is calculated by equation (1), where Ip is the predicted length, and Ig is the length achieved,
this equation ensures that the calculation does not exceed 100%.

Y%prede =100% -[((Ip -1g))/1g] *100% 1)
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3. Modeling

In this study, four-tooth expansion movement, from canine to molar, was evaluated by applying
a 0.15 mm (Au) vestibular shift in the tooth.
A. Thermoformed aligners

For this study one configuration was defined with two conditions, the conditions of the aligner
with and without CBA (see Figure 1 (a) and 1 (b), respectively). Considering [14], the mechanical
properties of the thermoplastic plate were: Young's module of 528 MPa and a Poisson's ratio of 0.36.

(b)

Figure 1. (a) thermoformed plate configuration without CBA. (b) thermoformed plate configuration
with CBA.

Following the method proposed by Hohmann [23], the thermoformed aligners were generated
using Boolean operations in a 3D parametric CAD program (Dassault Systéemes SolidWorks 2015)
with a uniform thickness around the crowns of the teeth of 0.7 mm, for the following configurations:
no CBA, with CBA in the vestibular region, and CBA in the palatal region (Figure 2). Although the
size and shape of these attachments can affect the tooth, this impact will be studied in another work.
In this investigation, these parameters are determined by dental specialists.

(<)

Figure 2. (a) Thermoformed plate configuration without CBA. (b) Thermoformed plate configuration
with vestibular CBA. (c) Thermoformed plate configuration with palatine CBA.
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B. Periodontal Ligament (PDL)

The PDL model considered the nonlinear mechanical properties of the PDL that were inferred
from the experimental data of strength and displacement of the cross sections of the tooth, PDL and
bone. This information was obtained from a 24-year-old male corpse reported in Toms [27].

Shear stress, 7, is considered in equation (2) while shear displacement v, is expressed in equation
®)

7 = force/A s (2)
y=tan" (AUW, ) 3)

Where, As is the cross-sectional area of the tooth root, and PDL; Al is the elongation obtained in
a sample of the PDL after being subjected to at least 3 cycles with a 0.05 MPa load in a material testing
machine (MTS 858 Mini Bionix); Wi is the thickness of the PDL.

Data were modeled by an exponential function, see equation (4)

T=ABy-1) )

Where the parameters A and B were calculated by iterative processes using commercial software
reported in [25], obtaining 12>0.9. Young and Poisson modules were calculated using the same
iterative process.

Based on Barone [21] and Liang [28], a nonlinear elastic model for PDL was adopted,
characterized by the points in Figure 3 which were introduced in Ansys ® software with the following
parameters: Young's module: 31,873 Pa, Poisson module: 0.25, Bulks module: 21,248 Pa and shear
module 12,749 Pa.

Stress Vs Strain

S 1IC) s
3

>—

Stres [KPa]

0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1

Strain [mmA-1]

| Property Value Unit
3 Material Field Variables [ Toble
2 9 Isotropic Elastiity
Derive from Young... ¥
Young's Modulus 31873 Pa
Poisson's Rato 0,25
Buk Modulus 21248 Pa
Shear Modulus 12749 Pa
|8 T3 Uniaxial Test Data [ Tabuar
Scale 1
Offset 0 Pa

Figure 3. Parameters Stress vs strain curve of PDL in Ansys ®. Source: [14,25].

According to Keilig [3], Bourauel [15], and Cai [29], this work simulated the PDL as a uniform
thin film of 0.3 mm in thickness around the tooth root.
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C. Teeth

To define the material characteristics of the tooth, data from Gomez [16], Liang [28] and Nikolaus
[30] was used. Young's modulus: 1.96E4 MPa, coefficient of Poisson: 0.3 and linear elastic model were
considered. The CAD model of the tooth was generated based on a real scale cloud of points which
considered the tri-radicular molar (6), mono-radicular premolar (5), bi-radicular premolar (4), and
canine (3), respectively.

D. Complementary biomechanical attachments (CBA)

Based on [31], the resin selected was Filtek P60 with: Young's Module of 1.25E+03 MPa and a
Poisson Coefficient of 0.36. The CBA were considered to adhere to half of the crown surface of each
tooth. Figure 4 presents the prescribed geometry, and measurements of the CBA are shown in Table
1.

0,000 2,500 5,000 (mm)
1,250 3750

Figure 4. Geometry configuration for CBA Source: Author.

E. Loading and Boundary condition for FEM analysis

To ensure symmetry in the sagittal plane of oral morphology at point (A), see Figure 5, a
condition of Fixed Support was assumed at the edge of the thermoformed plate [30]. Furthermore,
considering that the external surfaces of the PDL are attached to the bone, which has greater
structural rigidity, a solidarity movement was assumed through a Fixed Support boundary condition
in the region described with the letter B, see Figure 5 (b), in the teeth (1, central) and (2, incisive).

The expansion movement was represented approximately by imposing 0.15 mm shifts towards
the vestibular direction (local directions X) in Figure 5(a) on the external surfaces, bone-tooth contact
of the teeth PDL (3, canine), (4, premolar), (5, molar) and (6, molar). These displacements are
represented by the letters C, D, E and F, respectively in Figure 5(b). Additionally, they considered the
free movement and local addresses and local addresses fixed Z, to ensure displacement in the
vestibular direction.

[ Fixed Support
[BJ Fixed Support 2
IE] Displacement
@ Displacement 2
[E] Displacement 3
E Displacement 4

W.

©.000 19,000 20,000 ()
—— e )

(a) (b)

Figure 5. CAD model (a) Own coordinates axes on each tooth, (b) Displacement conditions generated
on the outer surfaces of the LDP. Source: Author.
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According to Hohmann [23], it was assumed that the interaction between the contact surfaces of
the teeth and their PDL present perfect adhesion, therefore, it was represented by a bonded condition,
see Figure 6(a) and (b). Taking into account that between the polymeric material of the aligner and
the biological tissue of the teeth there is presence of saliva, the interaction between the contact
surfaces between the crowns of the teeth and the thermoformed plate was assumed to be a frictionless
condition, see Figure 6 (c) and (d).

5

0,000 10,000
= omw
(@)
Frictionless [ Frictionless
# - ‘
B il

()

Figure 6. Contact conditions (a) Inner surfaces of the LDP, (b) Tooth surfaces, (c) External surfaces of
the tooth with plate, (d) Surfaces of the plate which are in contact with the tooth Source: Author.

To generate FEM analysis, each outer surface of the PDL was moved 0.15 mm to perform the
expansion, without considering the effects of bone remodeling. This displacement was assumed in
thirty steps, with initial steps of five. The contact stiffness was updated automatically for each
iteration. Using the Newton-Raphson method'’s iterations, the mismatch criteria were compared to
the maximum value of allowed penetration.

Given that this study does not consider bone regeneration, the simulation was carried out in the
Ansys’s ® Structural static module, using an iterative solver. The Newton-Raphson method was used
to model the interaction between the mechanical behavior of the PDL and the frictionless contact
between the tooth crown and the thermoformed plate.

4. Results

The predictability of the model and the length Ig were estimated using equation (4) by
comparing the activation distance Ip (0.15 mm) prescribed on the contact surfaces between the bone
and periodontal ligament.

These results can be observed in Table 2, where the type of tooth, the results obtained by Houle
[17] and the results obtained in the simulation without CBA were compared.

The results of the FEM model presented an elastic error with the reported values of less than 5%.

According to the results of the simulations, the forces exerted on the canine teeth to be molar are
less than 0.35 N (35.7 g), according to what is referenced in Taddei [33]. The results of the load
required for movement of canine (3) in a mandibular expansion of 0.15 mm in the palatal vestibular
direction presented a percentage difference of 17% with those reported in Barone [21]. The difference
can be explained since the reference did not consider the effect of the movement of the set of teeth,
from canine to molar.

In Figures 7-10 the variation of the Von Mises equivalent stress is observed along the PDL
through the set of teeth in canine 3, Premolar 4 and 5 and molar 6, considered from the cement-enamel
junction (where the LDP begins) to the root.
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References points were set for canine 3, premolar 4 and premolar 6 at 2, 4, 6 and 8 mm from
amelocemental junction. For premolar 5, references points were set at 2, 4 and 5 mm from
amelocemental junction.

Stress Vs Distance LDP Canine 3

—e—Canine no CBA

Stress (10° MPa)

—M@—Canine VCBA

—A—Canine PCBA

Distance (mm)

Amelo root

Figure 7. Equivalent stress versus Distance canine 3 PDL distance. Source: Author.
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Figure 8. Equivalent stress versus Distance premolar 4 PDL distance. Source: Author.

Stress Vs Distance Premolar 5
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Figure 9. Equivalent stress versus Distance premolar 5 PDL. Source: Author.
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Stress Vs Distance Molar 6

—o—Molar 6 noceA

Stress (10° MPa)

—i—Molar 6 vcsa

—4&—Molar 6 pcaa

Distance {(mm)

Amelo root

Figure 10. Equivalent stress versus Distance molar 6 PDL. Source: Author.

Considering stress distribution, it can be hypothesized that the effects of using CBA exhibit
greater relevance based on the separation plane of symmetry. In this sense, the teeth premolar 5 and
molar 6 were the ones that presented greater stress values.

In Figure 7 results for canine 3 shows Von Mises stress of 0.004822 MPa using no CBA aligners,
a stress of 0.004958 MPa using PCBA aligners and finally 0.006007 MPa using VCBA aligners.

In Figure 8 results for premolar 4 show a stress of 0.003273 MPa using no CBA aligners, a stress
of 0.003907 MPa using PCBA aligners and finally 0.004179 MPa using VCBA aligners. In Figures 12
Results show a load of 1.14 E-01N and a moment of 8.05E-1 N*mm with no CBA. On the other hand,
using the PCBA aligner, the load and moment were 1.54E-01 N and 9.42E-1 N*mm respectively.
While the VCBA results show a maximum load and moment of 2.21E-01N and 9.47E-1 N*mm.

In Figure 9 results for premolar 5 shows a stress of 0.001358 MPa at a distance of 1 mm from
amelocemental junction with no need of a CBA aligner. Stress of the VCBA aligner was 0.001173 MPa,
while stress for the PCBA aligner was maximum of 0.001649 MPA. In this case, the stresses of VCAB
are lower than PCBA without the need for a CBA aligner in a middle zone.

In Figure 10 results for molar 6 shows a stress of 0.00 0.002520 MPa at a distance of 2
mm from the amelocemental junction with no need of a CBA aligner. The stress of the VCBA aligner
was 0.00179 MPa, while stress of the PCBA aligner was a maximum of 0.0087 MPA. In this case,
stresses of the no CBA aligner are higher than for VCB and PCBA.

Figure 11 shows the deformation of the PDL of canine 3 with a progressive application of the
load. Taking as reference the results of the deformation of the no CBA model, a percentage difference
of -12.698% with respect to the model with buccal abutments is presented. And, with respect to the
model with palatal abutments, the percentage difference is of -1.587%. The largest displacements are
presented in the no CBA model.

Displacement Vs Load Steps Canine 3
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Figure 11. Displacement versus Load Steps Canine 3 PDL. Source: Author.

According to Figure 12, compared to the model with buccal abutments, the deformation of
premolar 4 presents a percentage increase of 1,639%. And, compared to the model with palatal
abutments, a percentage increase of 4,918% is presented. The largest displacements are presented in
the no CBA model.
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Displacement Vs Load Steps Premolar 4
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Figure 12. Displacement versus Load Steps Premolar 4 PDL. Source: Author.

Figure 13 shows the variation of the total deformation of the PDL of premolar 5. Taking the no
CBA model as a reference and compared to the model with buccal attachments, a percentage increase
of 1.639% is presented. On the other hand, compared to the model with palatal abutments, it

Displacement Vs Load Steps Premolar 5
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Figure 13. Displacement versus Load Steps Premolar 5 PDL. Source: Author.

Figure 14 presents the deformation results of Molar 6. Taking as reference the deformation
results of the model without ABC, a percentage increase of 7.936% is presented compared to the
model with buccal abutments. On the other hand, it presents a percentage increase of 3.1746%
compared to the model with palatal attachments.

Displacement Vs Load Steps Molar 6
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Figure 14. Displacement versus Load Steps Molar 6 PDL. Source: Author.

In Figures 15-18 the forces and moments of canine 3, premolar 4, premolar 5 and molar 6 are
observed respectively.

In Figures 15 results for canine 3 shows a load of 2.35 E-01 N and a moment of 1.10 N*mm with
no CBA. On the other hand, with PCBA aligner the load and moment were 2.43E-01 N and 1.02 N*mm
respectively. While VCBA aligner results show a maximum load and moment of 4.02E-01 N and 1.15
N*mm.
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Figure 15. (a)Force applied to PDL to move canine 3. (b) Moment applied to PDL to turn canine 3.

Source: Author.

In Figures 16 results for premolar 4 shows a load of 1.14 E-0IN and a moment of 8.05E-1 N*mm
with no CBA. In other hand, using PCBA aligner load and moment were 1.54E-01N and 9.42E-1
N*mm respectively. While using VCBA results show a maximum load and moment of 2.21E-01N and

9.47E-1 N*mm.

Thermoformed aligner Forces
0.250

0.200

Force(N)
2
g

2
8

_a
g
\

g

VCBApremolar4  PCBA premolar 4 noCBA premolar 4

Thermoformed aligner Moments
1,000

0.950

[

Moment (Nmm)
b4 £
8

0.700

VCBApremolard  PCBA premolar & noCBA premolar 4

(2)

(b)

Figure 16. (a)Force applied to PDL to move premolar 4. (b) Moment applied to PDL to turn premolar

4. Source: Author.

In Figures 17 results for premolar 5 shows a load of 6.61 E-02 N and a moment of 4.46E-1 N*mm

doi:10.20944/preprints202401.1095.v1

with no need of CBA. In addition, using a VCBA the aligner load and moment were 7.7E-02 N and
4.76E-1 N*mm respectively. While using the PCBA aligner results shows a maximum load and
moment of 8.54E-02 N and 5.89E-1 N*mm, whilst for premolar 5 forces are lower than canine 3 and
premolar 4.
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Figure 17. (a)Force applied to PDL to move premolar 5. (b) Moment applied to PDL to turn premolar
5. Source: Author.
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In Figure 18 results for molar 6 shows a load of 1.53 E-01 N and a moment of 1.6E-1 N*mm with
no need of CBA. In addition, using the VCBA aligner the load and moment were 1.27E-01 N and
8.96E-1 N*mm respectively. While using the PCBA aligner results shows a maximum load and
moment of 9.46E-02 N and 6.07E-1 N*mm. In this case, the forces and moments are higher using a no

CBA aligner.
Thermoformed aligner Forces Thermoformed aligner Moments
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0.140 1.400
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Figure 18. (a)Force applied to PDL to move molar 6. (b) Moment applied to PDL to turn molar 6.
Source: Author.

In FEM simulation it was evidenced that the tipping effect (combined translation and rotation
of the tooth) was lower with CBAs, so whilst there were higher forces and moments, tipping was
reduced.

5. Discussion

Comparisons between the predictability percentage from a clinical case and FEM simulations
produced values of 1.13% for canine 3; 2.01% for premolar 4; 2.45% for premolar 5 and 3.0% for molar
6.

The largest displacements were presented in the non-CBA model, with little difference with
respect to the PCBA model. Additionally, the movement of the maxillofacial expansion influences
the results of the VCBA model.

For canine 3, variation percentages between VCBA and no CBA stress were 42%, 35%, 60% and
102% from the reference points. Variation percentages between PCBA and no CBA were obtained
2%, -10%, -21% and -8% respectively. These variations highlight that the VCBA aligner generates
higher stress.

Variation percentages of stress with VCBA and no CBA for premolar 4 were: 35%, 21%, 43% and
95% respectively from the reference points. PCBA variations were: 21%, 5%, 12% and 33%. This
concludes that VCBA generates higher stress than PCBA aligners.

Stress VBCA variations were: -24%, -25% and -36%, and for PCBA variations they were: 11%,
16% and 15%. Variation values underline that VCBA generates less stress than no CBA aligners.

For molar 6 using VCBA and PCBA aligner’s, the stresses were lower than for no CBA, variation
percentages for VCBA were: 229%, -33%, -34% and -3%. Variation percentages for PCBA were: -65%,
-70%, -74% and -65%.

It was found that the forces and moments in canine 3 were maximum with VCBA aligners,
producing values of 4.02E-1 N and 1.15 N*mm. For premolar 4, a maximum force and moment of
2.21E-1 N and 9.47E1 N*mm was generated with the VCBA aligner. Additionally, for premolar 5 the
maximum force and moment were obtained using the PCBA aligner with values of 8.54E-1 N and
5.89E-1 N*mm respectively. Finally, in molar 6 the maximum forces and moments produced were
1.53E-01 N and 1.6 N*mm, with no CBA.
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6. Conclusion

Simulations showed that the use of CBA reduces tipping in teeth, and the model with VCBA
presented the best results for dental movement.

Considering the practical and ethical problems of clinically judging the differences between CBA
and No-CBA expansion with aligners, the computational model is an approach that can be used to
estimate tooth movement. In addition, the resulting forces and moments acting on the dental system
imposing distal displacement on aligners could be calculated. In fact, the simulations showed that a
greater reaction, represented as an increase in force and moment, presents lower tipping. In this case,
the use of CBA reduces tipping in teeth and the model with VCBA presented the best results for
dental movement.
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