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Micro-computed tomography evaluation of general
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thermoforming procedures involving six commercial
clear aligners: An in vitro study
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Objective: To assess the effects of thermoforming on aligner thickness and gap
width in six aligner systems with the same nominal thickness. Methods: Six
passive upper aligners of different brands were adapted to a single printed cast.
Each sample was evaluated with high-resolution micro-computed tomography.
To investigate aligner thickness and gap width, two-dimensional (2D) analysis
was conducted assessing the effects of the following variables: tooth type (central
incisor, canine, and first molar), 2D reference points, and aligner type. Data were
analyzed and compared using analysis of variance and Tukey’s post-hoc tests
(p < 0.05). Results: Tooth type, dental region, and aligner type affected both
the gap width and aligner thickness. The aligner thickness remained moderately
stable across the arch only in the F22. Conclusions: All thermoformed samples
displayed smaller aligner thickness and gap width at anterior teeth and both
gingival and coronal centers than at posterior teeth and occlusal surfaces.
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INTRODUCTION

Despite the widespread use of aligners, several factors,
including their thickness and fit (i.e., gap width), have
been scarcely investigated, even though these factors are
closely connected to other important features such as
their optical properties,”” the forces and moments they
generate,™ their retention,” and the predictability of
the prescribed movements.® There is even less informa-
tion available on the physical and chemical properties of
the thermoplastic materials used to make aligners once
they are thermoformed. However, orthodontists need to
be aware of the mechanical and chemical properties of
aligner materials after the thermoforming process,” since
the process significantly influences the mechanical and
chemical properties of the aligners themselves.””

Although recent research has focused on analysis of
three-dimensional (3D) printed aligners,”® thermoform-
ing is the method most commonly used to manufacture
aligners." In thermoformed aligners, the fit depends
on the manufacturing processes (set temperature and
pressure), the elastic modulus of the materials used, "
the presence of divots and attachments,"” and the hy-
groscopic expansion phenomena when the aligner is in
contact with saliva or water."* Mantovani et al."*" inves-
tigated the fit of various aligner systems using micro-
photographs obtained by scanning electron microscopy
of buccolingual sections of passive aligners obtained by
a cutting machine and adapted to a 3D printed cast.
Considering the risk, albeit minimal, of distortion and/or
roughening of the cut edges, Lombardo et al."” investi-
gated aligner thickness and gap width using noninvasive
two-dimensional (2D) and 3D analysis performed by
micro-computed tomography (CT), and they found het-
erogeneity among the aligner samples investigated.

Aligner thickness of the occlusal surfaces has also
been analyzed using a 3D technique in both as-received
and as-retrieved aligners (after 10 days in the oral cavity)
in both passive and active configurations, demonstrating
good stability. Although interesting, that analysis was

limited to occlusal surfaces and aligners made of one
material, glycol modified polyethylene terephthalate, via
one thermoforming protocol," but there are numerous
aligner systems on the market.'®

Thus, the aim of this study was to evaluate and com-
pare the general effects of thermoforming processes on
both gap width and thickness via micro-CT investigation
of passive aligners with the same nominal thickness ob-
tained from six manufacturers.

The informations about thermoforming processes
could be useful to clinicians, who have the intention to
set their staging protocol during clear aligner therapy
(CAT) without overloading the periodontal ligament and
good efficiency.

MATERIALS AND METHODS

The design of this in vitro study was approved by the
University of Ferrara, Postgraduate School of Orthodon-
tics Ethics Committee with protocol number 8-2017.
Polyvinyl siloxane (PVS) impressions (Elite HD+ Regular
and Light Body; Zhermack, Badia Polesine, Italy) were
obtained from one patient with skeletal Class 1 and
slight crowding and misalignment in both arches who
had requested esthetic treatment. The patient had no
conservative, endodontic, or prosthetic issues, missing
teeth, reduced clinical crowns, or coronal surface abnor-
malities.

The PVS impressions, together with the patient’s re-
cords, were sent to Align Technology (Santa Clara, CA,
USA), who accept only PVS impressions or STL files
generated by an 1-Tero® Element™ scanner (Align Tech-
nology). During processing, the STL file was obtained
via the Clin Check Pro® website (Align Technology), and
this, together with complete patient records, was sent
to the manufacturers of six aligners (Airnivol, ALL 1IN,
Arc Angel, F22, Invisalign, and Nuvola) listed in Table 1.
Each manufacturer was apprised of the same treatment
objectives by a single expert aligner clinician. After ap-
proving the proposed treatment plan, the same operator

Table 1. List of the six commercial aligner systems investigated, with their respective thicknesses and construction

materials
Aligner Specimen Material Th(i;:(l;lsss Manufacturer
Airnivol 1 Polyethylene terephtalate glycol (PET-G) 0.75 Airnivol stl, Navacchio di Cascina, PI, Italy
ALLIN 1 Polyethylene terephtalate glycol (PET-G) 0.80 Micerium, Avegno, GE, Italy
Arc Angel 1 Polyethylene terephtalate glycol (PET-G) 0.75 Gruppo Dextra, Modena, MO, Italy
F22 1 F22 Polyurethane 0.75 Sweden-Martina, Due Carrare, PD, Italy
Invisalign 1 SmartTrack: multi-layer aromatic 0.75 Align Technology, Santa Clara, CA, USA
thermoplastic polyurethane
Nuvola 1 Polyethylene terephtalate glycol (PET-G) 0.75 GEO srl, Rome, RM, Italy
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explicitly requested a single fully passive aligner.

The patient’s STL file was used to 3D-print a single
upper cast (E-Dentstone M; EnvisionTEC, Gladbeck,
Germany) using an ULTRA 3SP Ortho 3D Dental Printer
(EnvisionTEC); after calibration of the 3D printer, the
definition was set at 50 pm to minimize distortion error.
A single 3D cast, rather than one per manufacturer, was
used to reduce the effect of any potential micrometric
variations. The model was washed, and each of the six
sample aligners was mounted in turn for microtomog-
raphy using nano-CT GE Phoenix Nanotom (GE Sensing
& Inspection Technologies GmbH, Wunstorf, Germany),
performed at the ENEA Research Centre (Brindisi, 1taly),
as in a previous study.”” Each aligner was left in place
until microtomography had been completed in order to
prevent possible distortion.

2D analysis

To evaluate the aligner thickness and the volume of
air (gap width) between the aligner and cast, tomo-
graphic microphotographs of three virtual slices corre-
sponding to the three tooth types investigated (central
incisor, canine, and first molar), yielding a total of 18
slices, were obtained for each sample analyzed. The
mechanism of slice plan orientation is the same as that
used in a previous study.”” Subsequently, ImageJ soft-
ware (NTH Tmagel Software, https://imagej.nih.gov/ij/),
an open-source scientific image analysis package, was
used to construct grids on the microphotographs thereby
obtained, at a relative magnification of 3,200x, for each
tooth, i.e., 3 grids per sample. On each 2D grid, several
reference points were identified:

e 5 for the central incisor
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e 5 for the canine

e 8 for the first molar (Figure 1).

Both measurements were obtained by tracing a line
perpendicular to the tangent of the tooth, passing
through the reference point on the grid. After 4 weeks,
92 measurements, equal to 45% of the sample, were re-
peated, and the method error was calculated according
to Dahlberg’s formula (S* = Yd’/2n).” The systematic
error was measured using Student’s t-test, with a p-
value of < 0.05 considered significant. The replicability
appeared to be good, since a (paired) sample t-test on
92 paired measures showed a t-statistic equal to 0.38
and a corresponding p-value equal to 0.7. The Dahlberg
statistic was O mm, numerically close to zero.

Statistical analysis

The data obtained from the 204 2D linear measure-
ments on tomographic microphotographs at a relative
enlargement of 3,200x were statistically tested using
one-way analysis of variance (ANOVA) by R Statistical
software (R Core Team 2018)."° This statistical analysis
enabled us to investigate the behavior of both the align-
er thickness and gap width based on the variables tooth
type (central incisor, canine or first molar), 2D reference
point, and aligner type on the tomographic micropho-
tograph grid. Statistical significance was assessed using
a 5% threshold. A significant p-value indicates that at
least one group is different from the overall mean.

All analyses were split by measure. Tukey’s post-hoc
comparison of means indicated which pair of measures
were statistically different.

Figure 1. ldentification of
slice planes and two-dimen-
sional reference points on the
construction grid for the inci-
sor (A), canine (B), and first
molar (C). Eight points were
identified: 1, palatal gingival
edge; 2, palatal surface cen-
ter; 3, incisal edge; 4, vestibu-
lar surface center; 5, vestibu-
lar gingival edge; 6, vestibular
cusp; 7, palatal cusp; and 8,
central groove.
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RESULTS

For the tooth type variable, one-way ANOVA revealed
statistically significant differences in both aligner thick-
ness (F = 9.68, p = 0) and gap width (F = 3.82, p =
0.025) (Table 2). In a comparison of the gap width at
the first molar with those at the incisor and canine,
there was a difference of roughly 0.1 mm, with a bor-

derline statistical significance (p = 0.06). Analysis of
the aligner thickness, on the other hand, showed sig-
nificant differences between the first molar and those
at the other teeth investigated (p < 0.05). However, no
significant differences between incisor and canine were
detected in either measurements (Table 3).

One-way ANOVA of 2D reference point data revealed
statistically significant differences in both aligner thick-

Table 2. Mean gap width and aligner thickness measurements (mm) with their respective standard deviations (mm)

Measurement Tooth  Number z[:::; tsi::;il:tailtl;g c orzgg:lils on E?:]ilnl:f)te L%“Ir,er U%%er p-value
(mm) (mm) (mm)

Gap width Canine 30 0.141 0.086 Canine-Incisor 0 -0.11 0.11 1
Incisor 30 0.141 0.110 First Molar-Canine 0.1 0 0.2 0.06
Firstmolar 42 0.239 0.244 First Molar-Incisor 0.1 0 0.2 0.06

Aligner thickness  Canine 30 0.520 0.091 Canine-Incisor 0.01 -0.04 0.06 0.94
Incisor 30 0.512 0.067 First Molar-Incisor 0.08 0.03 0.13 0*
Firstmolar 42 0.590 0.085 First Molar-Canine 0.07 0.02 0.12 0*

CL, confidence limit.

Tukey's post-hoc comparisons of mean gap width and aligner thickness values among the different teeth are performed (*p <

0.05).

Statistical comparison of mean gap width and aligner thickness values among the different teeth analyzed (*p < 0.05).

Table 3. Mean linear values (mm) and standard deviations (mm) for gap width and aligner thickness at each 2D reference

points (see Figure 1) and their respective comparisons

2D Mean Stal.ldz‘ll‘d 2D . Lower Upper
Measurement points Number (mm) dcivl:lz;ntl;)n comI;)(z)illl'}ts ons Diff ( rngn) ( n(irl;n) p-value
Gap width 1 18 0.183 0.111
2 18 0.149 0.078 6-5 0.240 0.014 0.466 0.029*
3 12 0.200 0.106 7-5 0.268 0.042 0.494 0.009*
4 18 0.109 0.091 8-5 0.329 0.103 0.554 0.000*
5 18 0.085 0.063 7-4 0.244 0.018 0.470 0.025*
6 6 0.324 0.227 8-4 0.304 0.079 0.530 0.002*
7 0.353 0.338 8-2 0.264 0.038 0.490 0.011*
8 6 0.413 0.377
Aligner thickness 1 18 0.548 0.048 8-3 0.132 0.008 0.255 0.029*
2 18 0.563 0.043
3 12 0.493 0.106 6-3 0.170 0.046 0.294 0.001*
4 18 0.549 0.106
5 18 0.500 0.084 8-5 0.125 0.008 0.242 0.027*
6 6 0.663 0.067
7 6 0.522 0.078 6-5 0.163 0.047 0.280 0.001*
8 6 0.625 0.061

Each measurement is derived from a single passive aligner for each brand investigated.

2D, two-dimensional; CL, confidence limit.

Tukey's post-hoc comparisons that reached statistical significance are listed in the table (*p < 0.05).
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ness (F = 4.51, p = 0) and gap width (F = 5.44, p =
0). Six differences in gap width and four differences
in aligner thickness were significant (Table 3). Within-
group comparisons revealed significant differences in
gap width (p < 0.05) between the anterior and posterior
sectors, but only for the Arc Angel and ALL IN aligners.
In contrast, statistically significant differences were ob-
served in aligner thickness at the anterior and posterior
teeth in all aligners except for the F22, which displayed
greater homogeneity from front to back (Table 4).

DISCUSSION

The aim of this study was to clarify how dental anat-
omy can influence gap width and aligner thickness after
thermoforming procedures. In assessments of the gap
between the aligner and teeth, our results reveal dif-
ferences of about 0.1 mm between the anterior (incisor
and canine) and posterior regions, albeit of borderline
statistical significance. Our 2D analysis also showed that
the fit is generally better at the gingival as opposed to
the occlusal regions of the first molar. These aspects ap-
pear to be due to greater stretching of the plastic ma-
terial at the gingival areas and at the anterior tapered
teeth during the thermoforming process. These data are
in line with those reported by Mantovani et al."” and are
important to note because the fit between the internal
surface of the aligner and the tooth surface seems to in-
fluence orthodontic force transmission by active aligners
and the onset of tooth movement,'” as well the capacity
of passive retainers to prevent relapse. Indeed, the con-
tact between aligner and tooth surfaces needs to be as
close as possible to achieve clinically efficacious forces
from the initial stages of aligner therapy considering
both the air in the gap width and the volume occupied
by the ligament, which ensures about 0.04 mm of free
tooth movement before any chemical change can be de-
tected."

Considering these aspects, the molar sectors showed
mean gap widths that exceeded the staging protocols
common to many aligner systems (0.25-0.33 mm), espe-
cially at the occlusal surfaces. Orthodontists should take
this into account when planning orthodontic movement,
especially posterior intrusion. For passive aligners, on the
other hand, a minimum gap width is linked to the ca-
pacity to counteract both vertical dislodging forces and
orthodontic relapse.

With regard to the modification of nominal aligner
thickness by thermoforming procedures which could
affect the orthodontic forces transmitted, our study
showed that that aligners were generally thinner at
the anterior and occlusal regions, which was in agree-
ment with that of Bucci et al." The greater thickness at
the posterior occlusal surfaces could facilitate vertical

140

control of the posterior teeth during CAT in the treat-
ment of dental open bite.”*”' Our comparative analysis
revealed a diminishing trend in thickness from posterior
to anterior teeth common to all aligners investigated,
with the exception of F22 aligners, whose thickness was
constant across the arch. Although this difference may
be clinically insignificant, orthodontists should bear in
mind the difference in aligner thickness between the
anterior and posterior sectors, increasing the move-
ment staging at anterior teeth without overloading the
periodontal tissue. For passive aligners, their thickness
is directly linked to their stiffness, which could prevent
undesired orthodontic movements during the retention
period as well as posterior vertical stability in high angle
subjects; on the other hand, a subsequent major gap
width should be considered based on the results of this
study.

In summary, all systems fit better at anterior than at
posterior teeth, but the difference reached statistical
significance only for the ALL IN and Arc Angel aligners.
We also observed decreased aligner thickness toward the
anterior regions (except for F22) and at gingival sites
with respect to the occlusal regions, which could influ-
ence the amount of force expressed. Larger differences
were found in terms of aligner fit, since the gap tended
to be smaller at the anterior sector than the posterior.
The greatest difference detected was roughly 0.1 mm,
which may be sufficient to affect the onset and predict-
ability of orthodontic movement in the posterior sectors.
However, the small size of the differences, even those
that were statistically significant, makes them difficult
to quantify. Furthermore, since this was in vitro study,
it did not take into account several factors that could
reduce the thickness and/or fit of aligners (saliva and
occlusal forces). Moreover, divots, attachments, or grip
points were not taken into consideration. In addition, a
single specimen of each aligner brand was tested, so the
results may not be representative, and could be partially
negatively influenced by undesired temperature and
pressure settings. This should therefore be considered
a pilot study. In future investigations, multiple aligners
of each brand and several other factors should be taken
into consideration to evaluate the reproducibility of
thermoforming procedures.

CONCLUSION

® The nominal aligner thickness was always reduced
by thermoforming.

® Aligners were generally thinner and the aligner gap
narrower at the anterior teeth and gingival regions.
Aligners were thicker and the aligner gap wider at the
posterior teeth and occlusal surfaces.

® The diminishing aligner thickness trend from pos-

https://doi.org/10.4041/kjod.2021.51.2.135 www.e-kjo.org
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terior to anterior sectors was common to all aligners
investigated, with the exception of F22, which showed a
more homogeneous trend.

® Clinicians should keep into account these differenc-
es across the arch, in order to choose the most suitable
staging protocol for teeth movements. Authors encour-
age manufactures to make accessible to clinicians these
data.
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