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Abstract

Objectives: The aim of this study was to clarify the applied
initial forces and moments by different aligners of various
materials and manufacturing methods.
Methods: Thefinite-element-methodwas used to analyze the
forces and moments generated by the aligners on a maloc-
cluded tooth. Plaster models of dental arches with a mesioro-
tated tooth 11were fabricated, digitized andvirtually analyzed.
Four types of aligners with various layer thicknesses were
selected: two splints with novel shape memory properties: a
printable aligner made of the resin Tera Harz TC-85 DAC
(Graphy Inc., South Korea) and a self-manufactured aligner
consisting of the components polypropylene carbonate and
thermoplastic polyurethane. The other two aligners were
conventional, thermoformable aligners: CA® Pro Clear Aligner
(Scheu Dental GmbH, Germany) and Erkodur-al (Erkodent
Erich Kopp GmbH, Germany).
Results: The force and moment analyses showed that the
thermoformable CA® Pro Clear Aligner exhibited the highest
values. The thermoformed Erkodur-al aligner showed the
lowest force loads for all layer thicknesses. The Graphy
printed splint showed similar results compared to Erkodur-
al at layer thicknesses of 0.40 mm and 0.50 mm.
Conclusions: To avoid periodontal overloading, aligners
with lower force and moment delivery should be chosen for
this type of tooth movement.

Keywords: shape-memory; force; moment; single-multi-
layer; aligner; finite-element-method

Introduction

Orthodontic tooth movement occurs because of compressive
and tensile forces. Bone resorption transpire on the pressure
side of a tooth.On theopposite side, tractionon theperiodontal
fibers causes bone growth. There are various options for
applying the necessary forces to the teeth – removable (e.g.,
plates, aligners) and fixed (bands and brackets) appliances [1].

The development and use of aligners has become
increasingly important with the advancement of material
technology and the growing desire of patients for appliances
that are as inconspicuous and aesthetically pleasing as
possible. Currently, the orthodontic treatment results with
aligners are limited for certain tooth movements. The
assessment of the orthodontic forces of transparent aligners
with their complex biomechanical properties is primarily
based on clinical experience [2].

The force exerted by aligners differs from other ortho-
dontic appliances. The elastic restoring forces of thematerial
ensure the toothmovement, while at the same time enabling
immediate retention of the teeth. The material must have a
certain rigidity to exert sufficient force, have an elastic
restoring capacity and should be able to move and hold the
tooth through its undercuts [3].

Aligners are made from various polymers, such as poly-
ethylene terephthalate glycol (PETG) and polyurethane [4].
They can achieve good results in mild to moderate treatment
cases in a short period of time [5]. However, aligners aremore
limited in their use for extensive tooth realignments [6]. For
this reason, improvements in the aligner materials regarding
their force and moment exertion are important.

The so-called “smart materials” represent a new group
of materials. One subgroup are smart polymers, which
include shape memory polymers (=SMPs). They are charac-
terized by a shape memory effect (=SME) and thus have the
ability to change their macroscopic shape in response to a
corresponding stimulus (e.g. temperature) and retain this
temporary shape. Reactivation by means of an external
stimulus restores the SMPs to their original (=permanent)
shape. The shape memory behavior of physically cross-
linked, amorphous polymers is primarily influenced by
the glass transition temperature Tg of the soft segment areas.
Tg is the temperature above which the elasticity of a polymer
decreases and a previously stiff polymer exhibits rubber-like
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behavior. SMPs can therefore switch reversibly between a
permanent and temporary form. SMPs have good formability
and are characterized by low costs, simple production,
biocompatibility and customizable programming with adapt-
able physical properties [7]. With the help of these shape
restoration forces, it could be shown that the use of a shape
memory aligner can replace the application of three consec-
utive conventional aligners [8]. This makes it possible to
reduce the number of aligners used per treatment. In addition,
resin consumption is reduced and overall costs are lowered.

However, it is essential to thoroughly investigate the
mechanical behavior of the SMP aligners compared to con-
ventional aligners. The forces and moments emitted by the
shapememory recoverymust bemeasured and compared to
the forces that occur in conventional tooth movement
splints. Although there are several patents, there is still a
lack of research and publications that examine these smart
polymers in relation to orthodontic applications [9].

For a finite-element-simulation of orthodontic forces of
aligners, the material parameters for each component of the
modelmust be specified correctly [10]. To simplify themodel,
the linear-elastic mode can be used [11]. In the literature
large deviations of Young’smodulus of enamel are described
[10, 12]. More recent studies define a value of 80 GPa [13, 14].
This is similar to the elastic modulus of the plaster models.
The stated Young’smodulus of conventional aligners is in the
range of 0.5–2.2 GPa [15, 16].

Materials and methods

The following aligners were selected for the analysis of the
force andmomentdelivery to correct themesiorotated tooth 11:
– CA® Pro Clear Aligner (Scheu Dental GmbH, Germany)

=three-layer foil made of a copolyester double-shell
construction and a thermoplastic elastomer core. It is a
thermoforming splint.

– Erkodur-al (Erkodent Erich Kopp GmbH, Germany)
=copolyester (CAS no.: 261716-943). This is a thermo-
forming splint.

– SMP aligner, which was produced in a previous coop-
erationwith the University of Leoben and consists of the
components PPC (=polypropylene carbonate) and TPU
(=thermoplastic polyurethane) and has shape memory
properties. It is a thermoforming splint.

– Tera resin TC-85 (Graphy Inc., South Korea) =direct 3D
printed aligner with shape memory properties, con-
sisting of a venyl ester urethane material

Figure 1 shows the mesiorotation of tooth 11 on the digital
model of the maxilla.

Fabrication of set-up models, malocclusion
models and drilling templates

A plaster model (Ernst Hinrichs GmbH, Germany) was
fabricated with the actual situation of a clinical patient
(=malocclusion model), in which the upper central incisor is
mesiorotated by 10°. This tooth 11 was then manually sepa-
rated from the dental arch of the plaster model using a
plaster cutter, brought into an ideal tooth position on the
dental arch and fixed with a pink-colored wax (Beauty Pink,
Integra Miltex GmbH, Germany). This set-up model was
duplicated and four further plaster models with the cor-
rected position of the tooth 11 were fabricated. In order to be
able to ensure an exact digital assignment of the splints and
models later on, fine interdental/gingival holes were drilled
on the set-up models in the premolar region, palatally at the
level of the third palatal rugae and occlusally in themolars 16
and 26, as there is no tooth movement at these points.
Consequently, a type of drilling template could be fabricated
in order to transfer the drill holes to the thermoformed or
printed aligners and thus also to the malocclusion models.
This was followed by scanning the malocclusion models and
the models with the improved position of tooth 11.

Figure 2 shows a malocclusion model with drill holes as
well as the drilling template.

Fabrication of the aligners using the
thermoforming process and the direct
printing process

The next step was thermoforming and printing the splints
according to the set-up model. The thermoforming of the
splints was carried out using the Ministar thermoforming
unit (Scheu Dental GmbH, Germany) in accordance with the
manufacturer’s instructions.

Figure 1: Digital dental arch with malpositioned incisor 11, with axes.
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The so-called Graphy aligners, which aremade of TC-85
DAC Tera Harz (Graphy Inc., South Korea), were printed
after the digital planning step (planning software UNIZ
Dental, UNIZ, United States of America) using the 3D printer
UNIZ NBee (UNIZ, United States of America). After the
printing process, the splints were in a soft condition and
they were removed from the printing platform with their
support structures. This was followed by placing the
aligners in a centrifuge (Tera Harz spinner, Graphy Inc.,
South Korea). Due to the shape memory properties of the
aligners, the deformation of the aligners during the
manufacturing process had no negative effects. After the
support structures have been removed, the aligners were
UV light-cured under nitrogen oxide (Tera Harz Cure 2,
Graphy Inc., South Korea). This process changed the color of
the aligners from slightly yellowish to a clear colorless
appearance. The additional effect of the Tera Harz TC-85
DAC material is the shape memory effect. Before being
transferred to themodel, the Graphy splint was heatedwith
hot water for a softening effect. In this condition, the
aligner could be placed on the model easier. Afterwards it
returned to its original shape and exerts the corresponding
force. In addition, any residual monomers could be
removed.

The holes in the plaster models were transferred to
the aligners. After processing, the splints, which were still
on the model, were scanned. The aligners were then
removed from the models and scanned from the inside
and outside, using the scanning spray (Zirko Scanspray,
Zirkonzahn S.R.L., Italy). The arrangement of the scans
was standardized, i.e., always aligned in the same way.
The generated digital models of the dental arches and
aligners were exported as STL files in the processing and
editing software MeshLab (ISTI–CNR, Italy). All scans
were performed with the MedIT i500 3D scanner (MedIT,
South Korea).

Development of a suitable finite-element-
model for force determination

In order to determine the forces acting on the misaligned
tooth, the entire surface (=the nodes of the surface dis-
cretization) was rigidly coupled to a central node. This
means that forces and moments acting on the surface can be
evaluated at this point and shifted in space as required by
calculation. Figure 3A shows the surface of the misplaced
tooth, which is loaded by the aligner during the simulation.
Figure 3B shows the same tooth with a rigid connection to
the central evaluation node (in blue).

The geometry of the malocclusion model and the
different splints was captured using a scanner and saved as a
triangulated model (stl-file format). It is important to note
that the recorded geometries only characterize the surface,
not the volume.

For this reason, the geometry was adapted by re-
meshing the basic models consisting of triangles. The ge-
ometry remained preserved, but the many triangles were
largely replaced by quadrilaterals. This made it essentially
easier to perform the calculation and reduced the number of
degrees of freedom (i.e. the nodes at which the forces and
displacements were calculated). The average element edge
length of approximately 0.25 mm was selected so that the
geometry had the best possible resolution and at the same
time the calculation time was kept within certain limits.

The malocclusion model was restricted to the relevant
areas, and the splints were also trimmed to the regular
application size.

The adjustment of the aligner position (position in three
spatial directions, angle around the three spatial axes) posed a
greater challenge. This position could not be definitively
defined and the aim was to completely eliminate the con-
straints once the splint was in place. In this state, the splint was
free of external forces and the reality could best be described.

As described, the misaligned tooth was considered to be
separate from the rest of the geometry and the forces and
moments acting on it were analyzed individually.
This assumption is graphically illustrated in Figure 3 and was

Figure 3: Misaligned tooth in side view. A: surface, B: connection to
evaluation node.

Figure 2: Drilled holes on the malocclusion model by using a drilling
template.
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used for all calculations. From a simulation point of view, the
application of the splint required the use of a special system
consisting of the following steps:

a. Thermal expansion – “heating the splint”

A specific coefficient of thermal expansion is added to the
materialmodel for thedental splints. This allows the splint tobe
expanded by applying a thermal load. In this phase, the contact
formulation is switched off and the interpenetrating surface
sections can move relative to each other without hindrance.

This effect can be used to expand the splint. The aimwas
to ensure that there was no overlap with the dental arch
after applying the thermal expansion.

b. Preventing stability effects

The thermal boundary conditions induce membrane
stresses, which – as the calculation is generally non-linear -
lead to stability problems (shell buckling). In the simulations,
such effects, wherever they occurred, had to be prevented by
additional boundary conditions.

c. Thermal expansion – cooling of the aligner

To apply the splint to the dental arch, the contact formula-
tion is activated (prevention of penetration) and the splint is
gradually cooled down again. This creates a condition in
which the splint is in contact with the dental arch.

d. Relaxation of the constraints

The calculation requires the existence of equilibrium states.
During the warm-up and cool-down phases, these states had
to be ensured by suitable boundary conditions. At the end,
the splint had to hold on to the dental arch on its own and
this state requires the complete removal of all constraints.

e. Evaluation of the load data

The calculation is evaluated by determining the forces and
moments on the defined central node, which comprises the
force effect of the aligner on themisaligned tooth in its entirety.

Figure 4 shows the time steps in which the thermal
boundary condition is applied to the splint, as well as the
aligner fully applied to the arch.

Basic assumptions for the finite-element-
calculation

The study is based on the following basic assumptions:

a. Stiff dental arch

The dental arch and all its surrounding structures were
assumed to be immobile. This corresponds to a conservative
approach, as the real mobility of the teeth under the effect of
the force reduces the simulated forces. The results can
therefore be regarded as a kind of limitation for the forces
that actually occur.

b. Linear-elastic material model

The splint material was considered using a linear
elastic material model due to the comparatively low strains.
The implementation of a non-linear material model would
require extensive measurement of the material and the
separate production of sample geometries.

c. Definition of the moduli of elasticity

Figure 4: Stretching and complete positioning of the aligner from time
step 0 to time step 11.
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In the investigations, the modulus of elasticity of the
different tooth adjustment splints was varied according to
the manufacturer’s specifications or publications.

d. Contact

The contact of the splints with the dental arch was consid-
ered using non-linear surface-to-surface contact. A coeffi-
cient of friction of 0.001 was used. This can be explained by
the fact that the frictional forces are quickly reduced after
the real splint is applied and a state of almost frictionless
contact is achieved relatively rapidly.

e. Shell model

The aligner geometry was considered as a shell geometry
according to the concept of structural elements. The thick-
ness was specified as a constant and varied in different
calculations. This does not fully correspond to reality, as the
thicknesses vary depending on the manufacturing process.
However, it was possible to specify a force range in which
the force is very likely to be located.

The thickness grading was carried out considering the
thicknesses that actually occurred in the model. Three
thicknesses were therefore calculated to allow interpolation
between these thicknesses and, up to certain limits, extrap-
olation. In addition, the results of the thickest splints can also
be used as a limit for the force effect.

Statistical analyses were performed using IBM SPSS
Statistics® Ver. 23 (IBM, Armonk, NY, USA).

Results

Exemplary force calculation

For the SMP aligner with a thickness of 0.4 mm, the evalu-
ation of the force andmoment reactions for tooth 11 is shown
in Figure 5.

The following individual phases of the calculation can
be distinguished:
– t ∈ [0, 1]: Warm-up phase

No force is transferred to the tooth.
– t ∈ [1, 2]: Cooling phase

The aligner is placed on the dental arch. A force is applied
during the cooling process.
– t ∈ [2, 3]: Relaxation phase

During this phase, the final constraints are relaxed. At the
end, the splint rests on the dental arch on its own. Thesefinal
forces and moments are acting on the misaligned tooth.

Table 1 describes the force and moment loads at the
central node for the different aligners. Fres and Mres repre-
sent the forces and moments, which result from the sums of
the forces andmoments acting in all three spatial directions.

Figure 6 shows the respective force and moment values
(Fres and Mres) of the individual aligners.

The thermoformed CA® Pro Clear Aligner showed the
highest values for all three examined splint thicknesses
(0.4mm, 0.5mmand 0.6mm) regarding the resulting force and
moment loads. In contrast, the Erkodur-al aligner demon-
strated the lowest force loads for the layer thicknesses 0.4mm,
0.5mmand0.6mm.Thedirect printedGraphy splint presented
similar results in terms of force application compared to
Erkodur-al at layer thickness of 0.4mm. Regarding the deliv-
ered moments the Graphy aligner generated the lowest values
at the at layer thicknesses of 0.4mm and 0.5mm.

The force values of the CA® Pro Clear Aligner were sta-
tistically significantly greater than the force values of
Erkodur-al (p-value=0.006) and Graphy (p-value=0.016).

Figure 7 shows the contact status between the dental
arch and the aligner. The greatest forces are effective at the
points shown in red.

Discussion

Excessive force on the teeth during orthodontic treatment
can lead to root resorption or even tooth loss [17]. Therefore,

Figure 5: Resulting force (A) and moment (B) reactions generated by the
SMP aligner on the tooth 11 measured at the central node.
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an optimal external force system is the key to a successful
orthodontic treatment [18]. Due to the lack of suitable in-
struments to quantify the orthodontic force, the predict-
ability of treatment with aligners for specific tooth
movements is low inmany cases [19, 20]. Therefore, the final
treatment result can deviate by up to 50 % from the expected

result, which limits the clinical use of aligners [21, 22]. Hence,
accurate measurement and understanding of the forces and
moments exerted by aligners are crucial for the develop-
ment of a well-founded orthodontic treatment plan.

For this reason, this work aims to contribute to a better
understanding of the mechanics of orthodontic aligners by
designing a suitable finite-element-model. Since the dental
arch and splint were always scanned separately, it was
difficult to align the two geometries with each other.
Although the aligners could be optically orientated, the
initial position influenced the force situation at the end of
the cooling phase. During the relaxation, larger external
loads had to be removed in some cases. Convergence prob-
lems could occur in this phase. Thus, the orientation of the
splint played a decisive role in the calculation behavior
(especially in the last phase). Markings, in the form of drilled
holes, were made both on the models and on the splints to

Table : Force and moment loads at the central node.

Thickness Fx Fy Fz Fres Mx My Mz Mres

SMP aligner .mm −. −. . . −. . −. .
.mm −. −. . . −. . −. .
.mm −. −. . . −. . −. .

CA® pro clear aligner .mm −. −. . . −. . −. .
.mm −. −. . . −. . . .
.mm −. −. . . −. . −. .

Erkodur-al .mm . −. −. . . −. . .
.mm . −. −. . . −. . .
.mm . −. −. . . −. . .

Graphy .mm −. −. . . −. . −. .
.mm −. −.  . −. . . .
.mm −. −. −. . −. . . .

Figure 6: Resulting forces (A) and moments (B) at the central node.

Figure 7: Contact status on the dental arch.
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facilitate their superimposition. The so-called “heating”
method was proved to be suitable, although stability prob-
lems arose using the thin splint thicknesses.

This approach is able to calculate the effect of digitized
splints on scanned dental arches in a realistic way. Since the
aligners were modeled as a shell, a simple change in thick-
ness is usually possible if a computable model is available.
This made it possible to realistically limit the force effect on
the misaligned teeth.

Thermoformed aligners made of PET-G are still associ-
atedwith high rigidity in the standard 0.5 mm thin version. It
is therefore assumed that even with this layer thickness, the
recommended forces for tooth movement are likely to be
significantly exceeded. Therefore, a reduction in tooth
movement per setup step (this is associated with increased
laboratory work due to an increase in treatment steps) or
even thinner aligners than 0.5 mm layer thickness should be
used. This would lead to a reduction in force and rigidity and
possible side effects can be avoided [23].

In finite-element-simulations, the shape of the mesh-
ing and the selection of the appropriate element class play
a decisive role in ensuring sufficient quality and accuracy
of the numerical analysis. Determining the contact pa-
rameters between the aligner and the teeth is difficult due
to the individual shape of the aligners. Therefore, the
friction between the aligner and the teeth was neglected in
relation to the existence of dissimilarity between the
aligner material and the tooth [10, 24]. In addition, the
thicker the material of the aligner, the higher the forces
generated [23, 25]. Clinical findings show that the risk of
root resorption is lower when using aligners with reduced
thickness [26].

For simplification, a linear-elastic model was assumed.
In addition, although the test setups are rigid, there is still a
certain flexibility of the devices, which is not considered in
the mathematical FE-model. All these points mentioned can
cause differences in the measurement.

Nevertheless, the resulting forces are still higher than
the ideal orthodontic force for physical movements, which
is between 0.75 N and 1.25 N [27]. Rotation describes the
rotation of the tooth around its longitudinal axis and the
rotation of the longitudinal axis around a center of rotation.
According to Reitan, a force of 0.2–0.75 N, depending on the
tooth, is specified to perform this movement [28]. In the
literature, moments of 35.3–71.8 Nmm are described for the
rotational movement [25, 29]. This is consistent with the
evaluations in this study. However, it should be noted that
Hahn et al. only examined thermoformed aligners with a
thickness of 0.5 mm, 0.625 mm and 0.75 mm, which
extended 2–4 mm above the gingival margin [25]. Elkholy
et al. also investigated the forces and moments acting on a

mandibular incisor during rotational movement. In this
study, thermoformed aligners with thicknesses of 0.3 mm,
0.4 mm, 0.5 mm, 0.625 and 0.75 mm were examined. The
forces and moments were recorded using a sensor. The
results for the moments were between 17.48 Nmm and
91.58 Nmm. The applied forces were in the range between
3.65 N and 19.70 N [26]. This also shows a good agreement
with the present work.

Furthermore, studies demonstrate that the initial forces
exerted by aligners exceed the recommended values for
orthodontic movements by a factor of six. Further studies
also present that the forces and moments transmitted from
the aligner to the tooth decrease over time [30, 31].

Low moments should be applied to the periodontium to
avoid its damage. In the study by Elkholy et al., a maximum
derotation of 10° per set-up step was specified, resulting in a
derotation moment of 15 Nmm [32]. Furthermore, this
research group determined similar values regarding the
force andmoment load of thermoformed aligners compared
to this work. The results of the analysis by Seo et al.
demonstrate that orthodontic treatment with aligner of
0.75 mm thickness resulted in up to 6 %higher stresses in the
periodontal ligament compared to treatment with a 0.50 mm
thick aligner [33]. This study also showed that higher aligner
thicknesses are associated with greater force and moment
loads.

Although the results of the present work are promising,
this study can only be regarded as a proof of concept, as it is
an in vitro study. In addition, there is hardly any biome-
chanical reference data regarding rotational movements.
Furthermore, bone modeling due to orthodontic forces is a
complicated biological process resulting from a complex
biomechanical reaction of the periodontal tissues [34].

Depending on the degree of malocclusion, an average of
30 to 60 aligners must be fabricated to correct the maloc-
clusion over a period of several months. The ability of the
newly developed polymer with shape memory effect has the
potential to reduce the number of steps required during the
orthodontic treatment compared to the use of conventional
aligner materials [8]. Regarding the efficiency of individual
tooth movements, it was shown that rotational movements
with aligners can be considered less predictable [35].

Modifications of the developed model could be made in
future studies. This can be done by adding further parame-
ters, for example the periodontal ligament and the alveolar
bone. An additional extension of this model would be in-
termediate steps or new set-up situations to determine the
force more precisely over a certain time span, because the
initial forces andmoments generally decrease after a certain
period of time during treatment. It would thus be beneficial
to create a finite-element-model for future studies that can
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measure force and moment loads after specified time in-
tervals. However, further modifications of the model would
lead to increased complexity of the calculations. In general, it
should also be noted that a serial or industrial application is
not possible with this methodology due to the long calcula-
tion time with a large number of iterations.

Conclusions

Treating malocclusions with aligners can initially lead to
high forces and moments. Depending on the material and
thickness of aligners these values may vary considerably.
With an aligner thickness of 0.4 mm, the force delivery was
between 3.1 N and 15.8 N and occurring moments were be-
tween 9.7 Nmm and 32.7 Nmm. Higher values for both the
forces and the moments were observed with thicker
aligners.

To avoid overloading periodontal structures, low forces
and rotational moments should be applied on a tooth. This
must be considered when selecting the alignermaterial with
the appropriate layer thickness. Thus, thinner aligners
should be used. Future experimental and clinical studies
with different aligner modifications and attachment geom-
etries could help to optimize the derotation effect of aligners
and minimize the collateral force and moment components.
The shape memory effect programmed into certain aligners
could contribute, as this effect makes it possible to exert
constant gentle forces over a longer period of time and
consequently avoid larger initial forces.

The finite-element-method is a promising approach that
can lead to a better understanding of the mechanical
behavior of orthodontic aligners. The current model has
limitations regarding the parameters used. In this study, all
calculation problems could be eliminated.
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