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Thermoformed aligners provide an esthetic,
comfortable, easy, and hygienic alternative to
conventional orthodontic appliances.! Although
widespread marketing has increased the popular-
ity of removable thermoformed aligners (RTAs),
their greatest deficiency remains the difficulty of
case finishing. One study found that only 29% of
patients completed the initial series of aligners; all
subjects required either an additional series of case
refinement aligners or conventional fixed ortho-
dontic appliances to finish treatment.?

RTAs must be flexible enough for insertion
and removal yet provide sufficient force for ortho-
dontic tooth movement. During treatment, the
aligner undergoes a local deflection at each contact
point and a secondary vertical lifting away from
the tooth surface. Vertical lifting or bowing,
caused by friction in the molar region when the
local deflection attempts to shift the aligner hori-
zontally along the arch, is one of several causes of

the orthodontic tooth lag seen in sequential align-
er treatment. For accurate and predictable tooth
movement, the RTA must be fully seated on inser-
tion and remain anchored to the dental arch with-
out dislodgment or vertical lifting.?

The use of attachments is one way to reduce
vertical lifting. One study found that a rectangular
attachment placed 2mm from the gingival margin
produced more retentive force compared to a
similar attachment in the center of the tooth.* If
the aligner is too flexible, however, especially at
the gingival margin, the clinician will not be able
to take full advantage of the attachments to prevent
horizontal sliding and vertical lifting. Flexibility
at the gingival margins also reduces the amount
of force that can be exerted on the tooth near the
gumline, impeding the aligner’s ability to produce
torquing, translative, and controlled tipping move-
ments and to grip the retentive undercuts near the
gumline.
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Fig. 1 Gingival-margin designs of aligners tested in this study. A. Scalloped margin. B. Straight cut at gin-

gival zenith. C. Straight cut 2mm above gingival zenith.

Systems such as Invisalign,* ClearSmile,**
and ClearCorrect*** use scalloped gingival bor-
ders on both the buccal and lingual sides of their
aligners, extending up to the free gingival margins.
Other systems, including Simpli5T and Red, White
and Blue,T use straight gingival borders cut about
1Imm above the level of the free gingival margins.
No research has been conducted to compare the
effectiveness of one margin design over the other
in terms of aligner flexibility, although empirical
evidence from Nahoum suggests reduced effi-
ciency when the gingival margins are scalloped.?
Our clinical experience with RTA tooth movement
has corroborated this observation.

The present study was designed to evaluate
the effect of three gingival-margin designs on the
retention of thermoformed aligners made from two
types of thermoplastic material, with and without
attachments.
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Materials and Methods

Aligners with three margin designs—scal-
loped, straight cut at the gingival zenith, and
straight cut 2mm above the gingival zenith (Fig.
1)—were fabricated with and without attachments,
for total of six basic designs. Each aligner design
was fabricated from two different thermoplastic
materials—Invisacrylf A and Invisacryl C, in
Imm thicknesses—resulting in 12 test groups

*Registered trademark of Align Technology, Inc., Santa Clara,
CA; www.aligntech.com.

**Registered trademark of ClearSmile Pty Ltd., Wollongong,
Australia; www.clearsmilebraces.com.

##+Registered trademark of ClearCorrect, Inc., Houston, TX;
www.clearcorrect.com.

FAllesee Orthodontic Appliances, Sturtevant, WI; www.aoalab.
com. Simpli5 is a trademark.

fRegistered trademark of Great Lakes Orthodontics, Tonawanda,
NY; www.greatlakesortho.com.
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TABLE 1
GINGIVAL-MARGIN DESIGNS TESTED

Group Material Margin Type Attachments?

Invisacryl A Scalloped Yes
Invisacryl A Straight, Omm Yes
Invisacryl A Straight, 2mm Yes
Invisacryl C  Scalloped Yes
Invisacryl C  Straight, Omm Yes
Invisacryl C  Straight, 2mm Yes
Invisacryl A Scalloped No
Invisacryl A Straight, Omm No
Invisacryl A Straight, 2mm No
Invisacryl C  Scalloped No
11 Invisacryl C Straight, 0Omm No
12 Invisacryl C Straight, 2mm No

—
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(Table 1). To account for natural variations in the
thermoforming process, three aligners were fabri-
cated for each of the 12 designs, making a total of
36 aligners.

Six polyvinyl siloxane (PVS) impressions
were taken of an upper-arch Kilgoref+ dentoform
without attachments. The upper first premolars
were then removed and replaced with identical
premolars with buccal attachments (2mm inciso-
cervical x 1.5mm mesiodistal) on the cervical
third of each tooth, and six PVS impressions were
taken of the model with attachments. Each of the
12 impressions was poured three times in white
stone. The resulting casts were trimmed to allow
access to the margins and to standardize their
dimensions (thinnest point of palate = 14-16mm,
bottom to central-incisor edge = 34-36mm, bottom
to mesiobuccal cusp of second molar = 34-36mm).

A Ministar S} thermoforming machine was
used according to the manufacturer’s specifica-
tions for each material type. The buccal and lin-
gual aligner margins were measured and cut to the
specifications for each group, then polished to
eliminate any rough surfaces.

Pull-off tests were conducted on a Universal
Testing Machinefi to determine the force needed
to remove the aligner from the Kilgore dentoform
in a direction perpendicular to the occlusal plane
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Fig. 2 Pull-off direction on Universal Testing
Machine.#

(Fig. 2). The testing was performed 10 times for
each of the 36 aligners, for a total of 360 tests. Our
statistical analysis averaged the results for the three
aligners in each group, thus providing a better
representation of the design type as a whole (Fig.
3). Analysis of variance with Bonferroni post hoc
testing was used to determine the statistical sig-
nificance of differences between groups.

Results

Of the 66 comparisons, all were statistically
significant (p < .05) except for the following nine
pairs:

* Group 1 (average 5.985 lbs) vs. Group 5 (average
6.674 Ibs)

* Group 1 (5.985 1bs) vs. Group 10 (4.180 1bs)
Group 1 (5.985 Ibs) vs. Group 11 (4.906 1bs)
Group 2 (15.571 1bs) vs. Group 9 (16.276 lbs)
Group 5 (6.674 Ibs) vs. Group 11 (4.906 lbs)
Group 7 (8.860 lbs) vs. Group 8 (9.947 lbs)
Group 7 (8.860 1bs) vs. Group 12 (9.125 1bs)
Group 8 (9.947 1bs) vs. Group 12 (9.125 1bs)
Group 10 (4.180 Ibs) vs. Group 11 (4.906 lbs)

fiPart No.D85SDP-200, Kilgore International, Inc., Coldwater,
MI; www.kilgoreinternational.com.

#%United Calibration Corp., Huntington Beach, CA; www.
tensiletest.com.
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When attachments were used, the straight
gingival margins (either 0Omm or 2mm) demon-
strated significantly greater retention than scal-
loped margins of the same Invisacryl material type
did (Fig. 4). Results varied for the aligners without
attachments: only the 2mm straight margins pro-
duced significantly greater retention than the scal-
loped margins of the same aligner material did;
the Omm straight margins were more retentive than
the scalloped margins were, but the difference was
not significant. In addition, the retention of scal-
loped margins with attachments was significantly
lower than that of the scalloped margins without
attachments.

Discussion

Any study involving thermoformed aligners
needs to account for natural variations in the ther-
moforming process. We controlled the heating

time according to the manufacturer’s recommen-
dations, standardized the size of the model bases,
and followed identical procedures for trimming
each aligner. Because these precautions would still
fail to eliminate individual variation among align-
ers, however, we tested three aligners of each type
and averaged the results. The difference between
the high retention value of one aligner group and
the low value of another might be negligible, even
if the differences between average values of the
groups were statistically significant. In fact, of our
57 significant comparisons, 11 groups had overlap-
ping values. From a clinical perspective, however,
tooth movement can be maximized and tooth lag
minimized by selecting the margin design and
material with the best average retention.
Invisacryl A and Invisacryl C were chosen
to represent an amorphous, clear aligner material
and a crystalline, opaque aligner material, respec-
tively. Since the polymers in Invisacryl A and
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Fig. 3 Average pull-off forces for each group.
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TABLE 2
PROPERTIES OF COMMON THERMOFORMING MATERIALS®’

Post-Thermoforming Changes

Water
Absorption

Thickness Elastic Tensile

Material Name Polymer Thicknesses Translucency Change Modulus Yield Stress

Invisacryl At~ Copolyester .75mm, 1mm Clear Similar to Essix A+ Similar to Essix A+

Invisacryl Ci  Polypropylene .75mm, Tmm Opaque Similar to Essix C+ Similar to Essix C+

Essix A+§ Copolyester 1mm Clear 80% of weight 0.20mm 550 MPa 45 MPa
Essix C+§ Polypropylene/ethylene 1mm Opaque 10% of weight 0.10mm 450 MPa 27 MPa
Bioplast§§ Ethylene-vinyl acetate  .75mm, 1mm Opaque 22% of weight 0.10mm 25 MPa 5 MPa
Copyplast§$§ Polyethylene 1mm Opaque Lowest (3% of weight) 0.20mm 175 MPa 10 MPa
Hardcast§$§ Polypropylene .8mm Opaque 10% of weight 0.05mm 425 MPa 25 MPa
Duran§$ Polyethylene 1mm Clear 80% of weight 0.15mm 500 MPa 45 MPa

terepthalate glycol

Imprelon “S”§§ Polycarbonate .75mm Clear 35% of weight 0.10mm 625 MPa 55 MPa
Invisalign* Polyurethane from .75mm Clear Highest 0.10mm 425 MPa 48 MPa

methylene dipheynl diisocyanate

(150% of weight)

Invisacryl C are identical to the polymers in Essix
A+§ and Essix C+,§ their material properties will
be nearly identical. The properties of Invisalign’s
RTA material likewise fall within the spectrum of
the material properties tested®’ (Table 2).

Although conventional wisdom holds that
attachments improve retention, this does not
appear to be the case for aligners with scalloped
gingival margins and first-premolar attachments,
due to the increased flexibility of the aligner mar-
gins. The recorded retention value is the force
needed to flex the aligner over the attachment; as
the aligner moves over the attachment, the aligner
bows away from the natural tooth undercuts. With
scalloped margins, the natural undercuts provide
more retention than the attachments do. The oppo-
site is true with straight margins, thanks to the
greater rigidity of the aligners.

Conclusion

The following conclusions can be drawn
from this study:
* The most retentive aligner design uses a straight
margin cut 2mm above the gingival zenith, with
Invisacryl A material and first-premolar attach-
ments.
* Invisacryl A material is significantly more reten-
tive than Invisacryl C material is.

*Registered trademark of Align Technology, Inc., Santa Clara,
CA; www.aligntech.com.

fRegistered trademark of Great Lakes Orthodontics, Tonawanda,
NY; www.greatlakesortho.com.

§Registered trademark of Dentsply Raintree Essix Glenroe, Inc.,
Sarasota, FL; www.essix.com.

§§Registered trademark of Scheu-Dental Technology, Iserlohn,
Germany; www.scheu-dental.com.
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* Scalloped margins on aligners with attachments
are significantly less retentive than scalloped mar-
gins are without attachments.

* Straight margins cut at the gingival zenith
(Omm) are significantly more retentive than scal-
loped margins on aligners with attachments are.
* Straight margins (both Omm and 2mm heights)
with attachments are significantly more retentive
than straight margins are without attachments.

» Straight gingival margins reduce the flexibility
of a thermoformed aligner, thus improving reten-
tion and the ability to perform more complex
movements (such as torquing) and to express more
tooth movement.
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