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Abstract: (1) Background: This study aims to investigate, within a controlled laboratory environment,
the magnitude of the transversal load and the force decay over time produced by clear aligners in
comparison to a Rapid Palatal Expander (RPE). (2) Methods: Resin models of a dental maxillary arch,
additively manufactured from an intraoral scan, were inserted in a testing machine with uniaxial
load cells to measure the force trend over time expressed by RPE and clear aligners. The mechanical
load was recorded during a certain timeframe for both appliances. (3) Results: The force expressed
by the RPE ranged from 30 to 50 N for each activation, decreasing with a nonlinear pattern over time.
The force expressed by the clear aligner ranged from 3 to 5 N, decreasing with a linear pattern over
time. In contrast, the force generated by the clear aligner fell within the range of 3 to 5 N, showing
a linear reduction in force magnitude over the observed period of time. (4) Conclusions: The RPE
exerted a force magnitude approximately ten times greater than that generated by clear aligners.
Nevertheless, it is essential to acknowledge that the oral environment can significantly influence
these results. These limitations underscore the need for caution when applying these findings to
clinical settings.

Keywords: maxillary expansion; clear aligner; malocclusion

1. Introduction

Transverse maxillary deficiency represents one of the most pervasive problems in the
craniofacial region, with several clinical features occurring in all the planes of space. These
features could appear independently but, in most cases, they take place together, as in
what might be termed maxillary deficiency syndrome [1]. The etiology of transverse maxillary
deficiency is multifactorial. According to the literature, it appears to be confirmed that
transverse discrepancy between the maxilla and mandible may have a genetic–hereditary
basis [2]. Also, cleft palate [3] and other malformations of the head and neck (e.g., Marfan
syndrome [4], Klippel–Feil syndrome [5], Treacher Collins syndrome [6], craniosynosto-
sis [7–9]) could lead to a decreased transverse dimension of the upper jaw.

Narrow maxilla occasionally derives from neonatal intubation resulting in trauma [10]
or from prolonged pressure on the palate such as via early weaning and associated low-
impact muscular activity from bottle feeding [11].

Habits including non-nutritive sucking [11], adaptive swallowing behavior [12], open
mouth posture connected to predominant mouth breathing, excessive use of dummies and
baby bottles [11], and low tongue position [13] represent common causes of narrow maxilla.
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However, some authors have found no association between prolonged sucking habits or
mouth breathing with a transverse maxillary deficiency [13].

Additional causes include conditions associated with decreased tonic muscle activ-
ity [13], myopathies (e.g., myotonic dystrophy (MyD) and Duchenne muscular dystrophy
(DMD) [14]), scarring as a result of post-traumatic injury (e.g., burns), functional shifts
to achieve maximal intercuspation, juvenile rheumatoid arthritis, and unilateral condylar
hypoplasia or hyperplasia [15].

Maxillary transverse deficiency usually requires expansion of the palate, achievable
through several treatment modalities [16] that practitioners select based on scientific evi-
dence [17] together with their personal beliefs and experiences [18]. The first concept of
maxillary expander dates back to 1860 [19], when E. H. Angell published the first case
report related to an appliance that used two contra-rotating screws to acquire enough space
for maxillary canines.

The non-spring-loaded jackscrew appliances act by transferring the mechanical load
across the mid-palatal suture, promoting the disjunction of the upper jawbone when
interdigitation and bony bridging are still incomplete, modulating bone remodeling and
formation [20,21].

Maxillary expansion can be rapid (RME) or slow (SME) depending on the activation
protocol of the active part of the appliance (i.e., number of screw turns per day).

Alternatively, it can be achieved with calibrated and continuous forces that promote
maxillary expansion using a Ni-Ti leaf springs palatal expander (Leaf Expander) that has a
small-sized body and is similar to a conventional Hyrax expander [22–24]. Several studies
have endorsed the utilization of devices that facilitate gradual expansion to minimize
unwanted side effects [25–27] and enhance long-term stability following expansion [28,29].

The Rapid Palatal Expander (RPE) is one of the most used appliances in cases of upper
jaw constriction because of its versatility in achieving skeletal expansion [30] and den-
toalveolar expansion [31] (or both), its ease of use, and its broad acceptance by the scientific
community [32]. The RPE acts by transferring the forces produced by the activation of
a jackscrew to the anchorage unit (first permanent molars or second primary molars in
the case of tooth-borne appliances; TADs in the case of bone-borne appliances; teeth and
TADs in case of hybrid tooth–bone-borne appliances) and then channeling that force to the
midpalatal and circummaxillary sutures [33], causing the separation of the two maxillary
bone halves [33]. The progressive increase in resistance from surrounding structures results
in dentoalveolar transverse expansion that exceeds the skeletal expansion [34–37], except
when the anchor units are skeletal rather than dental [38].

Several studies investigated the biomechanical behavior of jackscrew appliances
through finite elements analysis [39–42] or in both in vitro [39,43–45] and in vivo set-
tings [46–50]. However, the underlying biological processes behind maxillary skeletal
expansion remain inadequately understood, and the clinical parameters for predicting
expansion success are still lacking.

Recent studies showed that clear aligners could achieve satisfactory maxillary arch de-
velopment in adults [51–56] and growing patients [57–61], but despite the significant surge
in research activities and the growing number of publications on CAT which have been
observed in recent years [62], the mechanical features of clear aligners during expansion
have not yet been tested. It has been demonstrated that the expansion achieved using CAT
is predominantly dentoalveolar, achieved mainly through the tipping movement of the
posterior teeth, with the tilt angle increasing as the arch expands [53]. Given that the force
exerted by clear aligners is not yet clearly understood, it is crucial to investigate this subject
further to gain a deeper understanding of the biomechanics involved.

Thus, the aim of the current investigation was to test, in a laboratory setting, the
magnitude of the transversal load and the force decay over time produced by clear aligners
compared with RPE.



Bioengineering 2024, 11, 103 3 of 14

2. Materials and Methods

The study protocol received approval from the Institutional Ethics Committee (Città
della Salute e della Scienza di Torino, approval number: 0006323) at the coordinating center.
The study was conducted in accordance with the Declaration of Helsinki, adhering to
relevant national and international regulatory requirements.

In the present study, experimental models reproducing the maxillary dental arch
were used to test the mechanical behavior of the clear aligner and RPE. The models
were additively manufactured using a stereolithography (SLA) 3D printer (Form 2, Form-
Labs, Somerville, MA, USA) with 50 µm resolution, with dental model resin (Formlabs,
Somerville, MA, USA) as the printing material. SLA printers use a moving ultraviolet (UV)
laser beam to selectively cure/solidify photopolymer patterns layer by layer. The models
were printed from three-dimensional digital dental casts (Figure 1) obtained using a laser
scanner with a reported manufacturing accuracy of 20 µm (iTero; Align Technologies, San
Jose, CA, USA). Both resin dental models were manufactured with two parallels to the
transversal plane rectangular solid fixture arms (12 mm length, 12 mm width, 3 mm height;
Figure 1), designed with CAD software (3Shape Ortho System™, 3Shape, Copenhagen,
Denmark), to be inserted in a testing machine (Bose ElectroForce® Planar Biaxial Test Bench,
TA Instruments, New Castle, DE, USA) with a 225 N uniaxial load cell.
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Figure 1. Digital dental cast obtained from intraoral scan and CAD project of the solid fixture arm for
testing machine gripping.

The force trend over time exerted along the mediolateral direction was measured
through a 225 N uniaxial load cell for both appliances:

1. Invisalign® First Phase I treatment (Align Technology, Inc., Santa Clara, CA, USA)

The Invisalign® First clear aligners are fabricated in a multilayer aromatic thermo-
plastic polyurethane/co-polyester, 0.75 mm (0.030′′) thick, with a fine 3D manufacturing
process. A series of optimized and conventional attachments were used to improve the
retention at the model/appliance interface and to perform the desired tooth displacement.
The ClinCheck® Pro software (Align Technology, Inc., Santa Clara, CA, USA) was used to
plan orthodontic movements. Concerning the staging, permanent molars moved buccally
first, using the rest of the arch as anchorage. Because of the short clinical crowns of decidu-
ous teeth, specific attachment shapes were designed to increase aligner retention and to
control the tipping movement (in order to obtain torque compensation).

2. Tooth-borne Hyrax-type maxillary expander
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The Hyrax-type maxillary expander is fixed to the upper second deciduous molars of
the resin model using laser-melted clasps, modeled surrounding the molars, connected via
a framework of 0.9 mm stainless steel wires, laser-welded to a midline 10 mm self-locking
screw (A2620 rapid expander; Leone orthodontic products, Sesto Fiorentino, Firenze, Italy;
0.8 mm, complete turn—4 activations). The framework is soldered to the metal clasp and
extends on the palatal side to the deciduous canines on the resin model. The expander will
be fabricated by a qualified laboratory technician (Novadental Lab, Torino, Italy).

The jackscrew comprises four primary components (Figure 2):

(1) Perforated Cylinder: The perforated cylinder, encircling the leadscrew, is rotated
to induce expansion. Featuring four holes, each turn of the key corresponds to a
quarter turn of the cylinder. Each activation corresponds to 0.2 mm of expansion; thus,
completing a full cycle of four turns results in a total expansion of 0.8 mm.

(2) Leadscrew: The length of the leadscrew dictates the maximum achievable expansion.
Jackscrews vary between 3 and 18 mm of maximum expansion (removable expanders
incorporate smaller jackscrews, achieving less expansion, typically ranging from 3
to 7 mm). The selection of leadscrew length is based on the patient’s transverse
discrepancy.

(3) Guide Pins: Strategically positioned above and below the leadscrew, guide pins
offer structural support. Early iterations of modern jackscrews lacked a guidance
mechanism by which to stabilize the appliance against torsion. A standard four-leg
RPE utilizes two guide pins, while a two-leg RPE requires only one guide pin. These
mono-guided jackscrews are commonly referred to as mini-jackscrews due to their
smaller platform.

(4) Platform: Housing the leadscrew and guide pins, the platform serves as a linkage to
the framework. Its surface is marked with two identifiers: a small arrow denoting the
direction of turning (opening) with the key; and a number, known as the nominal size,
indicating the approximate maximum expansion amount in millimeters.
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The appliance’s main structure will be sintered with Remanium® Star CL (Dentaurum,
Ispringen, Germany), a metal alloy powder, after computer design with a dedicated soft-
ware (3Shape Ortho System™, 3Shape, Copenhagen, Denmark). The stereolithographic
files were sent to a laser-melting center (Cadent Srl, Augsburg, Germany), where the RPE
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was manufactured. This additive production builds the appliance layer by layer with the
above-mentioned powder, which is locally melted with laser. After cooling down, the raw
appliance has to be cleaned of the not-melted powder and then polished. The expansion
jackscrew was added with laser-welding, and the bonding sites have to be sandblasted for
an optimized interface with the bonding material.

The RPE was bonded to the resin model with an orthodontic composite (Transbond
XT, 3M Unitek, Monrovia, CA, USA), light-cured by the means of a halogen lamp (Optilux,
Kerr, Orange, CA, USA) for 20 s per tooth.

The resin model with the corresponding appliance was placed in the testing machine
(Bose ElectroForce® Planar Biaxial Test Bench, TA Instruments, New Castle, DE, USA)
by grabbing the rectangular solid fixture arms, trying to keep the expander as aligned as
possible on the horizontal plane, as shown in Figures 3 and 4. The specimens were clamped
by titanium machine grips that were specifically developed for biomaterials and have
knurled-flat faces to prevent slipping. The analysis of the video recordings demonstrates
that there were neither anomalous behaviors nor failures near the clamps. Sliding through
the testing grips was excluded, too, as no abrupt increase or decrease was detected in the
experimental curves. No marks were observed on the specimen ends, and the extension of
the grasped ends was found to be unchanged.

Bioengineering 2024, 11, x FOR PEER REVIEW  5  of  14 
 

The  appliance’s  main  structure  will  be  sintered  with  Remanium®  Star  CL 

(Dentaurum, Ispringen, Germany), a metal alloy powder, after computer design with a 

dedicated  software  (3Shape  Ortho  System™,  3Shape,  Copenhagen,  Denmark).  The 

stereolithographic  files  were  sent  to  a  laser-melting  center  (Cadent  Srl,  Augsburg, 

Germany),  where  the  RPE  was  manufactured.  This  additive  production  builds  the 

appliance layer by layer with the above-mentioned powder, which is locally melted with 

laser. After cooling down, the raw appliance has to be cleaned of the not-melted powder 

and  then  polished.  The  expansion  jackscrew was  added with  laser-welding,  and  the 

bonding sites have to be sandblasted for an optimized interface with the bonding material. 

The RPE was bonded to the resin model with an orthodontic composite (Transbond 

XT, 3M Unitek, Monrovia, CA, USA), light-cured by the means of a halogen lamp (Optilux, 

Kerr, Orange, CA, USA) for 20 s per tooth. 

The resin model with the corresponding appliance was placed in the testing machine 

(Bose ElectroForce® Planar Biaxial Test Bench, TA Instruments, New Castle, DE, USA) by 

grabbing  the  rectangular solid fixture arms,  trying  to keep  the expander as aligned as 

possible  on  the  horizontal  plane,  as  shown  in  Figures  3  and  4.  The  specimens were 

clamped by titanium machine grips that were specifically developed for biomaterials and 

have  knurled-flat  faces  to  prevent  slipping.  The  analysis  of  the  video  recordings 

demonstrates that there were neither anomalous behaviors nor failures near the clamps. 

Sliding through the testing grips was excluded, too, as no abrupt increase or decrease was 

detected in the experimental curves. No marks were observed on the specimen ends, and 

the extension of the grasped ends was found to be unchanged. 

 

Figure 3. Resin model with RPE placed in the testing machine. Figure 3. Resin model with RPE placed in the testing machine.

The testing room temperature was 20 ◦C, while the humidity ranged between 40%
and 65%. The displacement was set as equal to zero when a 0.05 N force was recorded.

Once the devices were positioned, the resulting compression force was recorded after
activation (in the case of RPE) or appliance placing (in the case of the clear aligner) with a
sampling frequency of 1 Hz for RPE and one point every 30 min for the aligner.
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Figure 4. Resin model with CA placed in the testing machine.

The activations of RPE were performed, with a specific timeframe pattern, by means
of a stainless steel key with a diameter of 1 mm. The key was inserted fully into the hole of
the screw to perform the turns.

The activation pattern for the RPE was as follows:

− Semi-rapid: one activation (one quarter turn; 0.2 mm) every 24 h.

The force magnitude of clear aligners was measured over a 12 h timeframe, taking
into account the maximum duration of retention within the oral cavity before the removal
for meals.

The force trends over time were exported in MATLAB 2020a (MathWorks, Natick, MA,
USA). A polynomial of degree 10 was fitted on the experimental data collected during the
test performed with the clear aligner. Regarding the RPE, a moving averaging filter was
used to smooth the signal, although the peak force values were maintained.

The graphs obtained represent the averages of three successive measurements to
minimize potential errors.

3. Results

The analysis of video recordings demonstrated that there were neither anomalous
behaviors nor failures near clamps; therefore, all acquired data have been elaborated.

The mechanical load measurements along the mediolateral direction were plotted as
a function of time for both appliances (clear aligner, Figure 5; RPE, Figure 6). The clear
aligner exhibited an almost linear decay in overall force trend after approximately three
hours, starting at an initial force of around 4.2 N and gradually decreasing to approximately
3.4 N after 12 h (Figure 5).
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The RPE exhibited a rise in force values and a sharp decrease in the correspondence
of each activation, and a slow decay was recorded during the 24 h between consecutive
activations. The forces generated after three activations were significantly higher than those
generated after one activation; the force increases immediately after the three activations
were 47.49 N, 46.06 N, and 33.59 N, respectively, while the force peak values are depicted
in Figure 6.
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Significantly higher force levels were observed with the Rapid Palatal Expander (RPE)
compared to those exhibited by clear aligners.

4. Discussion

This study analyzed the forces produced by two different appliances for treating
transverse maxillary deficiency in an in vitro setting.

The RPE is still the most widely used appliance in facing this common feature of many
malocclusions, but the scientific evidence about its mechanical behavior is still lacking.
Indeed, despite the extensive number of articles investigating the clinical short- [63–65] and
long-term [32,65] effects of RPE, the literature surrounding the amount of forces produced
by this appliance is still limited [39,43,46,49,50,66].

The rapid rise in force levels immediately after each activation with a non-linear
decay pattern measured in the present study is consistent with previous findings [46,49,50].
However, the former attempts to identify the force levels expressed when activating the RPE
jackscrew were made in different experimental settings [46,49,50]. Despite the different
methods used by the authors [46,49,50], a similar pattern of force trend over time was
assessed.

The activation patterns tested in the present study are in accordance with the most-
common protocols [67]. Also, the cumulative force levels detected after repeated activation
of the central expansion screw were in accordance with the results of the previous stud-
ies [49,50], and they are sufficient to guarantee the separation of the median palatine suture
in pre-adolescent and adolescent patients, akin to almost all the different types of expanders
tested in the literature [45]. The resulting stress after the appliance’s activations is dis-
tributed in the maxilla as well in the neighboring skull bone [41,42]. The biological response
behind skeletal expansion occurs when the force applied to the teeth and the maxillary
alveolar processes exceeds the limits needed for orthodontic tooth movement, causing the
separation of the two maxillary bone halves [33].

The maturation of the circummaxillary sutures, according to several studies [40,48,68,69],
accounts for a significant part of adult resistance to midpalatal suture separation. The
resistance to force encountered during palatal expansion is also dependent on the material
properties of bones, which remain constant over time, as well as on bone mass, which
changes with age or sex [70]. It was assumed that soft-tissue pressure to the upper arch
also contributes to resistance to expansion, influencing its long-term effects (0.6 g/mm2 per
mm of expansion) [71].

Thermoplastic appliances have a long-standing history in orthodontics. According to
the literature, the first attempt to treat minor malocclusion using a clear, vacuum-formed
tooth-positioning appliance can be dated back to 1945 [72]. The primordial technique,
consisting in a complex and time-consuming procedure, precluded its broad diffusion
until the arrival of certain technological innovations and the introduction of new materi-
als which allowed for the evolution of CAT as a feasible alternative for treating several
malocclusions [73].

The use of clear aligners has the potential to provide a more esthetic and comfortable
treatment, as well as better oral hygiene maintenance [74]. Customized virtual diagnosis
and treatment and biomechanical planning also have the potential to decrease complica-
tions, increase treatment efficiency, and enhance treatment outcomes [75].

The potential benefits of CAT are tempered by the uncertainty surrounding its capa-
bility to perform; the latest scientific evidence suggests a reduced efficacy in controlling
several types of orthodontic tooth movements (OTMs) compared with fixed orthodontic
appliances [73,76–78], which has reduced the wide acceptance of the technique within the
scientific community.

Apart from these limitations, the popularity of CAT has been growing steadily, as
observed by the relevant rise in market share in recent years [79]. This has sparked academic
interest and has resulted in a significant surge in research activities [62].
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With maxillary transverse deficiency being one of the most encountered clinical condi-
tions in daily orthodontic practice, it is therefore important to establish whether the CAT
could be a feasible approach to facing it.

To our knowledge, there exist no studies investigating force trend over time exerted
along the transversal direction by clear aligners in a laboratory setting.

Divergently from the RPE, the clear aligner’s mechanical load detection showed a
moderate rise in force levels with a linear decay pattern. The magnitude of the force
measured was similar to the values obtained for other appliances used for dental–alveolar
expansion [80]. The moderate magnitude of force (below 5 N) has been proved to be
sufficient to obtain a skeletal widening of the maxilla in CLP Patients [81,82], while it
could be insufficient to separate a progressively maturing suture if a cleft jaw and palate
are not present [81]. The vast majority of publications have reported a higher sutural
separation rate (40–58%) obtained through RPE [83–86] compared to slow palatal expanders
(16–40%) [87–91]. However, some animal studies on SPE have demonstrated sutural
separation comparable to those of RPE [87,92]. The main effects of SPEs are dentoalveolar
(molars buccal tipping and mesiobuccal rotation); an average mesiobuccal rotation of the
molars of 26◦ [93] and 2◦ [94] to 24◦ [87] of buccal molar tipping has been reported with the
use of SPEs compared to the minimal buccal molar tipping observed when using RPE [95]. It
has been widely demonstrated that using clear aligners, the expansion is achieved more by
dental tipping than by bodily translation [52,53,96–98]. This is why forces act at a distance
from the molar’s center of resistance, causing buccal tipping of the posterior segment, which
is frequently detrimental to the treatment objective. Furthermore, the consequent pervasive
sliding effect between the plastic and tooth crown, along with the relatively low stiffness
that leads to uncontrolled tipping during expansion, will cause the aligner to flare, losing
control as dissociation between the tooth and plastic occurs [99]. The use of attachments
on the buccal or lingual surface of the posterior teeth helps improve third-order control by
counteracting the undesired tipping moment generated by a couple with opposite forces
acting at the occlusal surface and at the gingival aspect of the attachment [99,100].

Results from the present study place the CAT alongside the SPEs, with the potential
to exert a force magnitude below 5 N. Although there are similar magnitudes, there
are several differences between the force trend over time in the different types of SPE
appliances. The tooth-borne jackscrew maxillary expanders, activated with a rate of
0.5 mm per week [101], express intermittent forces that tend to decline to zero until the
next activation [67]. Fixed appliances like Quad-Helix or the Nitanium Palatal Expander
express continuous forces, are lighter, and are theoretically considered the most effective
in producing tooth-movements [67]. Unlike traditional expanders, the Leaf Expander
employs a flexible leaf spring mechanism that exerts controlled forces on the maxillary
arch. The key advantage lies in its ability to distribute forces more evenly, reducing the risk
of undesirable side effects. The literature indicates that the Leaf Expander, in comparison
to the traditional RME, induces less discomfort while achieving a comparable degree
of expansion [22–24]. A recent three-dimensional study validated the efficacy of both
the Leaf Expander and RME in addressing maxillary deficiencies among patients with
mixed dentition. In terms of skeletal expansion, only two parameters exhibited statistically
significant differences favoring the RME group [22]. However, these differences, measuring
less than 1 mm, may be deemed clinically irrelevant. In terms of considered dentoalveolar
variables, no statistically significant distinctions were observed between the Leaf Expander
and the conventional RME. These findings suggest that the Leaf Expander serves as a
compliance-free and viable alternative to RME in maxillary expansion therapy [22].

Clear aligners, as with all the removable appliances, express interrupted forces that
decline abruptly to zero when the appliance is removed by the patients [67], so their effect
is strongly dependent on patient compliance.

Although the methods used in the present study allow for the evaluation of detailed
behavior of different appliances, the testing machine measures the expansion force along
the transverse axis only, although it has been demonstrated that appliances generate forces
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in all three spatial dimensions [46]. Another important bias is represented by the laboratory
settings in which the forces were transferred to a resin model connected to the sensors,
differing significantly to the appliance–teeth interface existing in the human mouth. The
mechanical properties of thermoplastic materials used for clear aligner manufacturing
strongly depend on the material types and environmental conditions in which they are
used [102].

In the oral environment, both temperature and moisture significantly accelerate the
stress relaxation of orthodontic thermoplastic appliances, causing the deterioration of
their mechanical properties over time without significant differences between various
materials [103]. For all these reasons, predicting orthodontic forces expressed by clear
aligners and, consequently, the relative tooth movement, became much more challenging.
Further studies investigating the in vivo behavior of clear aligners are necessary in order to
clarify the potential of the techniques for treating several types of malocclusions.

As a suggestion for future research, it would be valuable to include the Leaf Expander
in the comparative analysis or to explore direct printed aligners that utilize shape-memory
materials [104,105], which may express higher forces with the application of a specific
stimulus.

5. Conclusions

Taken together, the measurements obtained from the experiment suggest the following:

− The cumulative magnitude of the transversal load in response to RPE activations
ranges between 30 and 50 N for each activation. An immediate decrease in the
mechanical load is noticeable after each activation, followed by a progressive and
gradual reduction over time.

− The magnitude of the transversal load at the clear aligner placement ranges between 3
and 4 N and declines to zero any time the appliance is removed.

− The mechanical behavior of both appliances could vary significatively in the oral
environment.

Although the use of clear aligners in dentistry is growing, there is plenty of room for
improvement in terms of the predictability of certain tooth movements and for further
development. Since research activities have strengthened in recent years, substantial
advances can be expected soon.
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41. Işeri, H.; Tekkaya, A.E.; Öztan, Ö.; Bilgic, S. Biomechanical effects of rapid maxillary expansion on the craniofacial skeleton,
studied by the finite element method. Eur. J. Orthod. 1998, 20, 347–356. [CrossRef] [PubMed]

42. Jafari, A.; Shetty, K.S.; Kumar, M. Study of stress distribution and displacement of various craniofacial structures following
application of transverse orthopedic forces—A three-dimensional FEM study. Angle Orthod. 2003, 73, 12–20. [PubMed]

43. Camporesi, M.; Franchi, L.; Doldo, T.; Defraia, E. Evaluation of mechanical properties of three different screws for rapid maxillary
expansion. Biomed. Eng. Online 2013, 12, 1–9. [CrossRef] [PubMed]

44. Muchitsch, A.P.; Wendl, B.; Winsauer, H.; Pichelmayer, M.; Payer, M. Rapid maxillary expansion screws on the test bench—A
pilot study. Eur. J. Orthod. 2011, 33, 256–262. [CrossRef] [PubMed]

45. Lombardo, L.; Sacchi, E.; Larosa, M.; Mollica, F.; Mazzanti, V.; Spedicato, G.A.; Siciliani, G. Evaluation of the stiffness characteristics
of rapid palatal expander screws. Prog. Orthod. 2016, 17, 1–10. [CrossRef] [PubMed]

46. Goeckner, K.; Pepakayala, V.; Nervina, J.; Gianchandani, Y.; Kapila, S. Three-dimensional force measurements during rapid
palatal expansion in Sus scrofa. Micromachines 2016, 7, 64. [CrossRef] [PubMed]

47. Fox, G.C.; Jones, T.A.; Wilson, J.M.; Claro, W.I.; Williams, R.A.; Trojan, T.M.; Al Dayeh, A. Sutural loading in bone-versus
dental-borne rapid palatal expansion: An ex vivo study. Orthod. Craniofacial Res. 2020, 23, 419–426. [CrossRef] [PubMed]

48. Sun, Z.; Hueni, S.; Tee, B.C.; Kim, H. Mechanical strain at alveolar bone and circummaxillary sutures during acute rapid palatal
expansion. Am. J. Orthod. Dentofac. Orthop. 2011, 139, e219–e228. [CrossRef]

49. Isaacson, R.J.; Wood, J.L.; Ingram, A.H. Forces produced by rapid maxillary expansion: I. Design of the force measuring system.
Angle Orthod. 1964, 34, 256–260.

50. Isaacson, R.J.; Ingram, A.H. Forces produced by rapid maxillary expansion: II. Forces present during treatment. Angle Orthod.
1964, 34, 261–270.

51. Lione, R.; Paoloni, V.; Bartolommei, L.; Gazzani, F.; Meuli, S.; Pavoni, C.; Cozza, P. Maxillary arch development with Invisalign
system: Analysis of expansion dental movements on digital dental casts. Angle Orthod. 2021, 91, 433–440. [CrossRef] [PubMed]

52. Houle, J.-P.; Piedade, L.; Todescan, R., Jr.; Pinheiro, F.H.L. The predictability of transverse changes with Invisalign. Angle Orthod.
2017, 87, 19–24. [CrossRef]

53. Zhou, N.; Guo, J. Efficiency of upper arch expansion with the Invisalign system. Angle Orthod. 2020, 90, 23–30. [CrossRef]
[PubMed]

54. Santucci, V.; Rossouw, P.E.; Michelogiannakis, D.; El-Baily, T.; Feng, C. Assessment of Posterior Dentoalveolar Expansion with
Invisalign in Adult Patients. Int. J. Environ. Res. Public Health 2023, 20, 4318. [CrossRef] [PubMed]

55. Galluccio, G.; De Stefano, A.A.; Horodynski, M.; Impellizzeri, A.; Guarnieri, R.; Barbato, E.; Di Carlo, S.; De Angelis, F. Efficacy
and Accuracy of Maxillary Arch Expansion with Clear Aligner Treatment. Int. J. Environ. Res. Public Health 2023, 20, 4634.
[CrossRef] [PubMed]

56. Bouchant, M.; Saade, A.; El Helou, M. Is maxillary arch expansion with Invisalign® efficient and predictable? A systematic review.
Int. Orthod. 2023, 21, 100750. [CrossRef]

57. Levrini, L.; Carganico, A.; Abbate, L. Maxillary expansion with clear aligners in the mixed dentition: A preliminary study with
Invisalign® First system. Eur. J. Paediatr. Dent. 2021, 22, 125–128.

https://doi.org/10.1016/j.ajodo.2010.06.025
https://www.ncbi.nlm.nih.gov/pubmed/21889076
https://www.ncbi.nlm.nih.gov/pubmed/16448254
https://doi.org/10.1016/0002-9416(70)90241-1
https://www.ncbi.nlm.nih.gov/pubmed/5263785
https://doi.org/10.1016/j.ajodo.2009.10.004
https://doi.org/10.1016/j.ajodo.2010.07.025
https://www.ncbi.nlm.nih.gov/pubmed/21889081
https://doi.org/10.1016/j.ajodo.2008.11.024
https://www.ncbi.nlm.nih.gov/pubmed/20381765
https://doi.org/10.1186/s40510-015-0114-9
https://doi.org/10.1016/j.ajodo.2017.11.033
https://doi.org/10.1007/s00056-017-0091-3
https://doi.org/10.1016/j.ajodo.2006.09.044
https://doi.org/10.1093/ejo/20.4.347
https://www.ncbi.nlm.nih.gov/pubmed/9753816
https://www.ncbi.nlm.nih.gov/pubmed/12607850
https://doi.org/10.1186/1475-925X-12-128
https://www.ncbi.nlm.nih.gov/pubmed/24330632
https://doi.org/10.1093/ejo/cjq065
https://www.ncbi.nlm.nih.gov/pubmed/20798210
https://doi.org/10.1186/s40510-016-0151-z
https://www.ncbi.nlm.nih.gov/pubmed/27747528
https://doi.org/10.3390/mi7040064
https://www.ncbi.nlm.nih.gov/pubmed/30407437
https://doi.org/10.1111/ocr.12384
https://www.ncbi.nlm.nih.gov/pubmed/32379939
https://doi.org/10.1016/j.ajodo.2009.12.029
https://doi.org/10.2319/080520-687.1
https://www.ncbi.nlm.nih.gov/pubmed/33570617
https://doi.org/10.2319/122115-875.1
https://doi.org/10.2319/022719-151.1
https://www.ncbi.nlm.nih.gov/pubmed/31368778
https://doi.org/10.3390/ijerph20054318
https://www.ncbi.nlm.nih.gov/pubmed/36901328
https://doi.org/10.3390/ijerph20054634
https://www.ncbi.nlm.nih.gov/pubmed/36901642
https://doi.org/10.1016/j.ortho.2023.100750


Bioengineering 2024, 11, 103 13 of 14

58. Lione, R.; Cretella Lombardo, E.; Paoloni, V.; Meuli, S.; Pavoni, C.; Cozza, P. Upper arch dimensional changes with clear aligners
in the early mixed dentition: A prospective study. J. Orofac. Orthop. Fortschritte Kieferorthopadie 2023, 84. [CrossRef]

59. Gonçalves, A.; Ayache, S.; Monteiro, F.; Silva, F.; Pinho, T. Efficiency of Invisalign First® to promote expansion movement in
mixed dentition: A retrospective study and systematic review. Eur. J. Paediatr. Dent. 2023. [CrossRef]

60. Cretella Lombardo, E.; Paoloni, V.; Fanelli, S.; Pavoni, C.; Gazzani, F.; Cozza, P. Evaluation of the Upper Arch Morphological
Changes after Two Different Protocols of Expansion in Early Mixed Dentition: Rapid Maxillary Expansion and Invisalign® First
System. Life 2022, 12, 1323. [CrossRef]

61. Lombardo, E.C.; Fanelli, S.; Paoloni, V.; Cozza, P.; Lione, R. Comparison between two different expansion protocols in early mixed
dentition: Clear Aligners vs Rapid Maxillary Expansion. In Seminars in Orthodontics; WB Saunders: Philadelphia, PA, USA, 2023.
[CrossRef]

62. Bruni, A.; Serra, F.G.; Gallo, V.; Deregibus, A.; Castroflorio, T. The 50 most-cited articles on clear aligner treatment: A bibliometric
and visualized analysis. Am. J. Orthod. Dentofac. Orthop. 2021, 159, e343–e362. [CrossRef]

63. Schiffman, P.H.; Tuncay, O.C. Maxillary expansion: A meta analysis. Clin. Orthod. Res. 2001, 4, 86–96. [CrossRef]
64. Bazargani, F.; Feldmann, I.; Bondemark, L. Three-dimensional analysis of effects of rapid maxillary expansion on facial sutures

and bones: A systematic review. Angle Orthod. 2013, 83, 1074–1082. [CrossRef]
65. Petrén, S.; Bondemark, L.; Söderfeldt, B. A systematic review concerning early orthodontic treatment of unilateral posterior

crossbite. Angle Orthod. 2003, 73, 588–596.
66. Sander, C.; Hüffmeier, S.; Sander, F.M.; Sander, F.G. Initial results regarding force exertion during rapid maxillary expansion in

children. J. Orofac. Orthop./Fortschritte Kieferorthopädie 2006, 67, 19–26. [CrossRef]
67. Proffit, W.R.; Fields, H.W., Jr.; Sarver, D.M. Contemporary Orthodontics; Elsevier Health Sciences: Amsterdam, The Netherlands,

2006.
68. Ghoneima, A.; Abdel-Fattah, E.; Hartsfield, J.; El-Bedwehi, A.; Kamel, A.; Kula, K. Effects of rapid maxillary expansion on the

cranial and circummaxillary sutures. Am. J. Orthod. Dentofac. Orthop. 2011, 140, 510–519. [CrossRef]
69. Wertz, R.A. Skeletal and dental changes accompanying rapid midpalatal suture opening. Am. J. Orthod. 1970, 58, 41–66. [CrossRef]
70. Hoffler, C.; Moore, K.; Kozloff, K.; Zysset, P.; Goldstein, S.A. Age, gender, and bone lamellae elastic moduli. J. Orthop. Res. 2000,

18, 432–437. [CrossRef]
71. Halazonetis, D.J.; Katsavrias, E.; Spyropoulos, M.N. Changes in cheek pressure following rapid maxillary expansion. Eur. J.

Orthod. 1994, 16, 295–300. [CrossRef]
72. Kesling, H.D. The philosophy of the tooth positioning appliance. Am. J. Orthod. Oral Surg. 1945, 31, 297–304. [CrossRef]
73. Rossini, G.; Parrini, S.; Deregibus, A.; Castroflorio, T. Controlling orthodontic tooth movement with clear aligners. J. Aligner

Orthod 2017, 1, 7–20.
74. Rossini, G.; Parrini, S.; Castroflorio, T.; Deregibus, A.; Debernardi, C.L. Periodontal health during clear aligners treatment: A

systematic review. Eur. J. Orthod. 2014, 37, 539–543. [CrossRef]
75. Jheon, A.; Oberoi, S.; Solem, R.; Kapila, S. Moving towards precision orthodontics: An evolving paradigm shift in the planning

and delivery of customized orthodontic therapy. Orthod. Craniofac. Res. 2017, 20, 106–113. [CrossRef]
76. Robertson, L.; Kaur, H.; Fagundes, N.C.F.; Romanyk, D.; Major, P.; Flores Mir, C. Effectiveness of clear aligner therapy for

orthodontic treatment: A systematic review. Orthod. Craniofacial Res. 2019, 23, 133–142. [CrossRef]
77. Papadimitriou, A.; Mousoulea, S.; Gkantidis, N.; Kloukos, D. Clinical effectiveness of Invisalign® orthodontic treatment: A

systematic review. Prog. Orthod. 2018, 19, 37. [CrossRef]
78. Papageorgiou, S.N.; Koletsi, D.; Iliadi, A.; Peltomaki, T.; Eliades, T. Treatment outcome with orthodontic aligners and fixed

appliances: A systematic review with meta-analyses. Eur. J. Orthod. 2019, 1, 13. [CrossRef]
79. Ojima, K.; Kau, C.H. A perspective in accelerated orthodontics with aligner treatment. In Seminars in Orthodontics; WB Saunders:

Philadelphia, PA, USA, 2017; Volume 23, pp. 76–82.
80. Reitan, K. The initial tissue reaction incident to orthodontic tooth movement as related to the influence of function; an experimental

histologic study on animal and human material. Acta Odontol. Scandinavica. Suppl. 1951, 6, 1–240.
81. Holberg, C.; Holberg, N.; Schwenzer, K.; Wichelhaus, A.; Rudzki-Janson, I. Biomechanical analysis of maxillary expansion in CLP

patients. Angle Orthod. 2007, 77, 280–287. [CrossRef]
82. Tindlund, R.S.; Rygh, P.; Bøe, O.E. Intercanine widening and sagittal effect of maxillary transverse expansion in patients with cleft

lip and palate during the deciduous and mixed dentitions. Cleft Palate-Craniofacial J. 1993, 30, 195–207. [CrossRef]
83. Ladner, P.T.; Muhl, Z.F. Changes concurrent with orthodontic treatment when maxillary expansion is a primary goal. Am. J.

Orthod. Dentofac. Orthop. 1995, 108, 184–193. [CrossRef]
84. Thorne, N.; Hugo, A. Experiences on widening the median maxillary suture. Trans. Eur. Orthod. Soc. 1956, 32, 279–290.
85. da Silva Filho, O.G.; do Prado Montes, L.A.; Torelly, L.F. Rapid maxillary expansion in the deciduous and mixed dentition

evaluated through posteroanterior cephalometric analysis. Am. J. Orthod. Dentofac. Orthop. 1995, 107, 268–275. [CrossRef]
86. Timms, D.J. A study of basal movement with rapid maxillary expansion. Am. J. Orthod. 1980, 77, 500–507. [CrossRef]
87. Cotton, L.A. Slow maxillary expansion: Skeletal versus dental response to low magnitude force in Macaca mulatta. Am. J. Orthod.

1978, 73, 1–23. [CrossRef]
88. Sandikçiolu, M.; Hazar, S. Skeletal and dental changes after maxillary expansion in the mixed dentition. Am. J. Orthod. Dentofac.

Orthop. 1997, 111, 321–327. [CrossRef]

https://doi.org/10.1007/s00056-021-00332-z
https://doi.org/10.23804/ejpd.2023.1754
https://doi.org/10.3390/life12091323
https://doi.org/10.21203/rs.3.rs-2056114/v1
https://doi.org/10.1016/j.ajodo.2020.11.029
https://doi.org/10.1034/j.1600-0544.2001.040205.x
https://doi.org/10.2319/020413-103.1
https://doi.org/10.1007/s00056-006-0507-y
https://doi.org/10.1016/j.ajodo.2010.10.024
https://doi.org/10.1016/0002-9416(70)90127-2
https://doi.org/10.1002/jor.1100180315
https://doi.org/10.1093/ejo/16.4.295
https://doi.org/10.1016/0096-6347(45)90101-3
https://doi.org/10.1093/ejo/cju083
https://doi.org/10.1111/ocr.12171
https://doi.org/10.1111/ocr.12353
https://doi.org/10.1186/s40510-018-0235-z
https://doi.org/10.1093/ejo/cjz094
https://doi.org/10.2319/0003-3219(2007)077[0280:BAOMEI]2.0.CO;2
https://doi.org/10.1597/1545-1569_1993_030_0195_iwaseo_2.3.co_2
https://doi.org/10.1016/S0889-5406(95)70082-X
https://doi.org/10.1016/S0889-5406(95)70142-7
https://doi.org/10.1016/0002-9416(80)90129-3
https://doi.org/10.1016/0002-9416(78)90098-2
https://doi.org/10.1016/S0889-5406(97)70191-4


Bioengineering 2024, 11, 103 14 of 14

89. Frank, S.W.; Engel, G.A. The effects of maxillary quad-helix appliance expansion on cephalometric measurements in growing
orthodontic patients. Am. J. Orthod. 1982, 81, 378–389. [CrossRef]

90. Lebret, L.M. Changes in the palatal vault resulting from expansion. Angle Orthod. 1965, 35, 97–105.
91. Maschio, M.; Gaffuri, F.; Ugolini, A.; Lanteri, V.; Abate, A.; Caprioglio, A. Buccal Alveolar Bone Changes and Upper First Molar

Displacement after Maxillary Expansion with RME, Ni-Ti Leaf Springs Expander and Tooth- Bone-Borne Expander. A CBCT
Based Analysis. Eur. J. Paediatr. Dent. 2023, 24, 211–215. [CrossRef]

92. Ohshima, O. Effect of lateral expansion force on maxillary structure in cynomolgus monkey. J. Osaka Dent. Univ. 1972, 6, 11–50.
93. Ciambotti, C.; Ngan, P.; Durkee, M.; Kohli, K.; Kim, H. A comparison of dental and dentoalveolar changes between rapid palatal

expansion and nickel-titanium palatal expansion appliances. Am. J. Orthod. Dentofac. Orthop. 2001, 119, 11–20. [CrossRef]
[PubMed]

94. Hicks, E.P. Slow maxillary expansion: A clinical study of the skeletal versus dental response to low-magnitude force. Am. J.
Orthod. 1978, 73, 121–141. [CrossRef] [PubMed]

95. Herold, J.S. Maxillary expansion: A retrospective study of three methods of expansion and their long-term sequelae. Br. J. Orthod.
1989, 16, 195–200. [CrossRef] [PubMed]

96. Zheng, M.; Liu, R.; Ni, Z.; Yu, Z. Efficiency, effectiveness and treatment stability of clear aligners: A systematic review and
meta-analysis. Orthod. Craniofac. Res. 2017, 20, 127–133. [CrossRef]

97. Galan-Lopez, L.; Barcia-Gonzalez, J.; Plasencia, E. A systematic review of the accuracy and efficiency of dental movements with
Invisalign®. Korean J. Orthod. 2019, 49, 140. [CrossRef] [PubMed]

98. Solano-Mendoza, B.; Sonnemberg, B.; Solano-Reina, E.; Iglesias-Linares, A. How effective is the Invisalign® system in expansion
movement with Ex30′ aligners? Clin. Oral Investig. 2017, 21, 1475–1484. [CrossRef] [PubMed]

99. Nanda, R.; Castroflorio, T.; Garino, F.; Ojima, K. Principles and Biomechanics of Aligner Treatment; Elsevier Health Sciences:
Amsterdam, The Netherlands, 2021.

100. Aristizabal Mulett, J.S. Valoración del Efecto Biomecánico en el Ligamento Periodontal Durante la Expansión en el Arco Maxilar,
del Canino al Molar, Usando Alineadores Termoformados Con Aditamentos Biomecánicos Complementarios Mediante Métodos
Computacionales. 2018. Available online: https://bibliotecadigital.univalle.edu.co/entities/publication/83b73fd7-327d-4b22-
a1a3-d14c87a4752a (accessed on 1 January 2020).

101. Ugolini, A.; Agostino, P.; Silvestrini-Biavati, A.; Harrison, J.E.; Batista, K.B. Orthodontic treatment for posterior crossbites.
Cochrane Database Syst. Rev. 2021. [CrossRef]

102. Fang, D.; Zhang, N.; Chen, H.; Bai, Y. Dynamic stress relaxation of orthodontic thermoplastic materials in a simulated oral
environment. Dent. Mater. J. 2013, 32, 946–951. [CrossRef]

103. Jaggy, F.; Zinelis, S.; Polychronis, G.; Patcas, R.; Schätzle, M.; Eliades, G.; Eliades, T. ATR-FTIR analysis and one-week stress
relaxation of four orthodontic aligner materials. Materials 2020, 13, 1868. [CrossRef]

104. Bruni, A.; Serra, F.G.; Deregibus, A.; Castroflorio, T. Shape-Memory Polymers in Dentistry: Systematic Review and Patent
Landscape Report. Materials 2019, 12, 2216. [CrossRef]

105. Didier, H.; Assandri, F.; Gaffuri, F.; Cavagnetto, D.; Abate, A.; Villanova, M.; Maiorana, C. The Role of Dental Occlusion and
Neuromuscular Behavior in Professional Ballet Dancers’ Performance: A Pilot Study. Healthcare 2021, 9, 491–494. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/0002-9416(82)90075-6
https://doi.org/10.23804/ejpd.2023.1896
https://doi.org/10.1067/mod.2001.110167
https://www.ncbi.nlm.nih.gov/pubmed/11174532
https://doi.org/10.1016/0002-9416(78)90183-5
https://www.ncbi.nlm.nih.gov/pubmed/343597
https://doi.org/10.1179/bjo.16.3.195
https://www.ncbi.nlm.nih.gov/pubmed/2669948
https://doi.org/10.1111/ocr.12177
https://doi.org/10.4041/kjod.2019.49.3.140
https://www.ncbi.nlm.nih.gov/pubmed/31149604
https://doi.org/10.1007/s00784-016-1908-y
https://www.ncbi.nlm.nih.gov/pubmed/27435982
https://bibliotecadigital.univalle.edu.co/entities/publication/83b73fd7-327d-4b22-a1a3-d14c87a4752a
https://bibliotecadigital.univalle.edu.co/entities/publication/83b73fd7-327d-4b22-a1a3-d14c87a4752a
https://doi.org/10.1002/14651858.CD000979.pub2
https://doi.org/10.4012/dmj.2013-131
https://doi.org/10.3390/ma13081868
https://doi.org/10.3390/ma12142216
https://doi.org/10.3390/healthcare9030251

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	Conclusions 
	References

