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Abstract: The aim of this study was to investigate whether the polymer polyether ether ketone (PEEK),
which is approved for (dental) medical appliances, is suitable for the production of orthodontic
treatment appliances. Different geometries of transpalatal arches (TPAs) were designed by Computer
Aided Design (CAD). Out of a number of different designs and dimensions, four devices were
selected and manufactured by milling out of PEEK. A finite element analysis (FEA) and a mechanical
in vitro testing were performed to analyze the force systems acting on the first upper molars. Up to an
activation (transversal compression) of 4 mm per side (total 8 mm), the PEEK TPAs generated forces
between 1.3 and 3.1 Newton (N) in the FEA and between 0.7 and 3.2 N in the mechanical testing. The
moments in the oro-vestibular direction were measured between 2.1 and 6.6 Nmm in the FEA and
between 1.1 and 6.0 Nmm in the mechanical testing, depending on the individual TPA geometry.
With the help of the FEA, it was possible to calculate the von Mises stresses and the deformation
patterns of the different TPAs. In some areas, local von Mises stresses exceeded 154-165 MPa, which
could lead to a permanent deformation of the respective appliances. In the in vitro testing, however,
none of the TPAs showed any visible deformation or fractures. With the help of the FEA and the
mechanical testing, it could be shown that PEEK might be suitable as a material for the production of
orthodontic TPAs.

Keywords: digital orthodontic appliance; CAD/CAM,; polyether ether ketone (PEEK); finite element
analysis (FEA); mechanical analysis

1. Introduction

The transpalatal arch (TPA) is used in orthodontics for three-dimensional adjustment
of the molars. The TPA is often used as a passive device to stabilize the molars. However,
it can also be employed as an active appliance to expand or compress the dental arch, or
to derotate the molars, or to apply differential torque. Usually, the traditional transpalatal
arch, according to Goshgarian, is made of 0.9 mm stainless steel wire, which provides a
high load-deflection rate [1]. The Goshgarian arch has been modified several times with
regard to its material properties and shape. In 1980, Burstone et al. introduced the so-called
precision transpalatal arch made of titanium-molybdenum alloy (TMA) [2—4]. The 50%
lower Young’s modulus of the TMA wire lead to significantly lower force and moments
acting on the molars [5] and allowed a wider range of activation [6]. The compound palatal
arch developed by Wichelhaus et al. in 2004 was composed of a combination of stainless
steel and nickel-titanium elements. The incorporation of the more elastic nickel-titanium
elements also reduced the expansion forces and torques [7]. By including superelastic
nickel-titanium elements, an expansion up to 4 mm and a derotation of the molars up
to 10° could be achieved. Further variants of the classic Goshgarian, as described in the
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literature [8-10], were designed to create more precise tooth movements and a reduction in
the force and moment magnitudes.

Computer Aided Design/ Computer Aided Manufacturing (CAD/CAM) technologies
have gained an increasing importance in orthodontics and offer new design and manu-
facturing possibilities. Whereas metal printing is already established [11-13], only a few
studies have investigated the applicability of polyether ether ketone (PEEK) in digital
workflows. PEEK is a high-performance polymer with dimensional stability, temperature
resistance and excellent biocompatibility [14,15]. The material can be milled and is—with
some limitations—also 3D printable [16,17]. Due to its excellent biocompatibility, PEEK was
also chosen for dental implants as well as for removable and fixed dentures [18-20]. With
its small Young’s modulus of 3-5 GPa, PEEK may also be a good candidate for metal-free,
aesthetic orthodontic appliances.

Several applications of PEEK in orthodontics have already been reported in the lit-
erature. These are mainly passive appliances, such as space maintainers [21] and re-
movable orthodontic retainers [22]. In addition, applications for fixed appliances were
proposed [23-26]. However, there is very scarce information as to what extent PEEK is
eligible to deliver constant forces and may be used as a replacement for conventional wires
or transpalatal arches (TPA) in orthodontics.

Biomechanical properties can be assessed using mechanical testing of 3D-printed
specimen, or mathematically by means of finite element analysis (FEA). FEA offers the
possibility to simulate and visualize the behavior of complex shapes under mechanical
loading. Since FEA can be conducted much faster than mechanical tests, it allows for the
assessment of a high number of samples with different shapes. However, since FEA is
a numerical approach, it highly depends on material parameters, boundary conditions
and the way of modelling. To adjust the underlying parameters and the numerical model,
mechanical testing of real samples appears to be mandatory.

The aim of the present study was to investigate whether PEEK is suitable for orthodon-
tic active appliances by assessing the biomechanical properties of a TPA made from PEEK
by means of FEA and mechanical testing.

2. Materials and Methods
2.1. Computer-Aided Design (CAD)

A set of digital TPAs with various geometries were designed using the software
Blender (version. 2.81) [27]. A randomly selected plaster model was taken from the archive
of Department of Orthodontics, University Clinics of Dusseldorf. The plaster model was
scanned to gain a digital model. On the first molars, partial shells covering the palatal
aspect of the teeth were designed. These shells served to connect the TPAs with the molars.
The arches of the TPAs had a horizontal width of 34 mm (from molar to molar), a height of
about 14 mm and a distance to the palatal surface of 2 mm on average (Figure 1).

Figure 1. Computer-Aided Design (CAD) of one TPA Geometry.

Out of a number of possible designs, four TPAs were selected that fulfilled common
clinical requirements such as patient comfort and mechanical design criteria:

The Double-arch TPA consisted of two arches, each having a diameter of 1 mm (Figure 2a).
The Triple-loop-arch TPA and the S-bow TPA were constructed with one connecting element
and a diameter of 1.2 mm and 1.5 mm (Figure 2b,c) and the Omega-loop TPA showed an oval
profile of 1 x 2 mm (Figure 2d). All dimensions are listed in Table 1.



Appl. Sci. 2022,12, 1590

30f12

Figure 2. Four different designs of digital TPA Geometries (a) Double-arch TPA, (b) Triple-loop-arch
TPA, (c) S-bow TPA, (d) Omega-loop TPA.

Table 1. Dimensions of the four different designs: horizontal (x-axis), sagittal (y-axis), vertical (z-axis),
arch diameter and number of the elements in the FEA.

Dimensions (mm) Double-Arch TPA Triple-Loop-Arch TPA S-Bow TPA Omega-_E(-)lﬂop TPA
’Q '-’\-/\_\ A—‘C"-Q_._-—\ t"-.j LY
Horizontal 34 34 34 34
Sagittal 13 11 14 20
Vertical 14 14 14.5 10
Cross section 1 each 1.5 1.2 1x2
Number of elements in 155,578 136,341 167,257 151,933

the FEA

2.2. Creating of High-Quality Meshes

For the FEA, the meshes of the digital TPAs (Figure 3a), were triangulated and con-
verted into meshes with high element quality using the Meshmixer program (version 3.4.35,
2017, Autodesk Meshmixer RRID:SCR_015736) (Figure 3b) and the MeshLab software
(version 2016.12, https:/ /www.meshlab.net, last accessed on 1 November 2021) for mesh
corrections and optimizations (Figure 3c).

Figure 3. Mesh creation and optimization (a) Blender, (b) Meshmixer, (c) MeshLab.

2.3. Finite Element Analysis (FEA)

The FEA was performed using the software FEBio (developed by SA Maas, BJ Ellis,
GA Ateshian, JA Weiss) [28]. The pre-processor (FEBio-PreView, version 2.13) was used to
build the finite element model and to define the boundary conditions. In order to guarantee
an acceptable mesh quality, we bounded—for every tetrahedron—the ratio of the diameter
of the circumsphere R and the length of the shortest edge L by the ratio R/L < 1.4. The
number of the elements for each appliance are listed in Table 1.

The FE solver (FEBio-Run) was used to perform the calculations, and the post-
processor (FEBio-PostView, version 2.4.4) was employed for visualization.

For the present study, the material parameters of the PEEK material were set to a
Young’s modulus of 5.1 GPa and a Poisson’s ratio of 0.42, according to the parameters
provided by the manufacturer of the material used for fabrication [29].

As boundary conditions, an activation in the horizontal plane between the two molar
shells from 1 mm up to an expansion of § mm (4 mm per site) was defined, and computed
in steps of 1 mm displacement each. The forces and moments acting at the point of
force application (PF) on the inner surfaces of the shells (at the first upper molars), were
determined. In addition, resulting moments at the centers of resistance (CR) were assessed.
Moments around the vertical axis were considered to be rotatory, around the oro-vestibular
axis to be angulatory and around the mesio-distal axis to account for tipping movements.
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2.4. Computer-Aided Manufacturing (CAM)

The manufacturing of the four different PEEK TPAs were carried out by the dental
laboratory “Dentes” (Dentes Fraszentrum GmbH, Neuss, Germany). The files were pre-
pared for milling with the dental CAM system ZYKLONcam (KON-AN- TEC, Miinster,
Germany) and milled out of a PEEK disc from Merz Dental (PEEK BioSolution white,
Merz Dental GmbH, Liitjeburg, Germany) with a 5-axis milling machine CORiTEC 350i
Loader (Imes-icore GmbH, Eiterfeld, Germany). The support structures, which were neces-
sary for fixation of the TPAs while milling, were carefully removed. No further finishing
was required.

2.5. Set-Up of the Mechanical Testing

The mechanical in vitro test was performed by measurement system RMSBiomech,
which consisted of a robotic arm, a force-moment sensor and an adjustable table (Figure 4a).
Each of the TPAs was glued (Pattex, epoxy resin 2-component adhesive, Henkel, Germany)
to custom designed and 3D printed fixation device (Figure 4b) made of a polyamide, printed
by PROTIQ (Blomberg, Germany) and representing the original molars. The fixation devices
were screwed to the sensor to allow measurement of the 3D forces and moments. The
setup was constructed such that only the upper right first molar was movable, whereas the
contralateral molar stayed attached to the table.

Figure 4. Experimental setup of the mechanical in vitro testing; (a) Robotic arm with supersensitive
force-moment sensor and position table; (b) 3D printed polyamide fixation device with one TPA,
milled out of PEEK.

The measurement of the forces and the moments was carried out by a 6-axis force-
moment sensor (FT Nano17, Schunk, Lauffen/Neckar, Germany), which was connected to
the robotic arm via a magnetic attachment. The computer controlled robotic arm (Mitsubishi
Electric, MELFA, RV-2FR, Ratingen, Germany) was capable of movements using all six
spatial degrees of freedom.

2.6. Mechanical Testing

The software RMSBiomech controlling the robot stored the activation distance as well
as the measured force Fx, Fy, Fz and moment components Mx, My, Mz. Each TPA was
activated identical to the previous FEA in compression mode (8 mm in total, 4 mm per side)
perpendicular to the mid-sagittal plane. Forces and moments were recorded in 0.1 mm
steps from 1 to 8 mm of activation. This procedure was repeated ten times to calculate
the mean values. The measured forces and moments represented those acting at the inner
surfaces of the shells (PF) or the molars, respectively. The moments acting on the center of
resistance (CR) were computed, assuming the CR to be positioned at 7 mm apically to the
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point of force application (PF), i.e., approximately 1-2 mm below the tri-furcation of the
upper right molar [30,31].

3. Results

The results of the Finite Element Analysis and the mechanical testing were measured
in all three dimensions and are reported in Table 2.

Table 2. a—d Measurements of the finite element analysis and the mechanical testing; Forces: Fx
(transversal), Fy (sagittal), Fz (vertical); Moments: Mx (angulation), My (buccal tipping), Mz (rotation);
von Mises stresses; (a) Double-arch TPA, (b) Triple-loop-arch TPA, (c) S-bow TPA, (d) Omega-

loop TPA.
Finite Element Analysis Mechanical Testing
Forces Moments at.the.Point of Moment? at the Center von Forces Moment? at the Center
Activation Force Application (PF) of Resistance (CR) Mises of Resistance (CR)
(mm) Stress
® AN M) Nemm Nem Nmm Nmm  Nen  Nem MPI ) Fy(v N Nmm Nmm  Nmm
FEA FEA FEA. FEA FEA FEA FEA FEA test test test test test
Q (a) Double-arch TPA
0.5 0.5 0 0 0 -3 —0.5 0 0.9 0.3 0.4 0 0 —0.1 0.5 0.1
1 0.9 0 0 -0.1 -7 -1.3 0 1.6 0.5 46 0.7 0 0.1 —0.1 0.8 0.2
15 13 0 0 —0.2 —10 -2 0 2 0.7 11 0 0.1 —0.1 1.1 04
2 1.7 0 0.1 -0.2 -13 -2.5 0 2.3 0.8 89 14 0 0.1 —0.1 13 0.5
2.5 2.1 0 0.1 -03 —-16 -3 —0.1 2.4 0.9 1.6 0 0.1 —0.1 13 0.7
3 2.5 0.1 0.1 -03 -20 —3.8 -0.1 2.4 1.0 128 1.9 0 0.2 —0.1 13 0.9
3.5 2.8 0.1 0.1 —04 -23 —4.5 —0.1 2.3 1.0 2.1 0 0.2 —0.1 12 1.1
4 3.2 0.1 0.1 -0.5 —26 -5 —0.1 21 1.0 165 2.3 0.1 0.2 —0.2 1.1 13
AN (b) Triple-loop-arch TPA
0.5 0.4 0 0 -0.1 —4 0.1 0 -05 0.8 0.5 0 0 0 -05 -0.7
1 0.7 0 0 -0.1 -8 0.2 —0.1 -11 17 43 1.0 0 0 0 -1.1 -13
15 11 0 0.1 —0.2 —11 0.3 —0.1 -1.8 24 14 0 0.1 0 -1.7 -1.9
2 1.4 0 0.1 —0.2 -15 0.5 —0.2 -2.7 3.2 83 1.8 0 0.1 0.1 -25 -25
2.5 1.7 0 0.1 -03 —18 0.5 -02 -35 39 2.2 0 0.1 0.1 -33 -31
3 2.0 0 0.1 -03 -21 0.7 -03 —45 4.6 120 2.6 0 0.1 0.2 —42 -37
3.5 2.3 0 0.1 —04 —25 0.9 —0.4 —55 5.3 2.9 0 0.1 0.2 —5.1 —4.2
4 2.5 0 0.1 —04 -29 1 —04 —6.5 6.0 154 3.2 0 0.1 0.2 —6.0 —4.7
~A—T2N (c) S-bow TPA
0.5 0.3 0 0 -0.1 -3 0.2 0 -04 0.7 0.2 0 0 0.0 —0.2 -0.3
1 0.5 0 0 -0.1 -55 0.3 0 -1.0 13 42 0.3 0 0 0.0 —0.5 —0.6
1.5 0.8 0 0 -0.1 -8 04 0 -17 1.8 0.5 0 0 0.0 -0.8 —0.8
2 1.0 0 0 -0.2 -11 0.5 0 -25 2.3 81 0.6 0 0 —0.1 -11 -11
2.5 1.2 0 0 -0.2 —14 0.5 0.1 -34 2.8 0.8 0 0 —0.1 -1.6 -13
3 14 0.1 0.1 —0.2 -17 0.5 0.2 —4.4 3.2 119 0.9 0 0 —0.2 -21 -14
3.5 1.6 0.1 0.1 -03 -19 0.5 0.2 -55 35 1.0 0 0 -0.3 —2.6 -15
4 1.7 0.1 0.1 -03 —22 0.5 0.3 —6.6 37 154 1.1 0 0 -0.3 -32 -17
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Table 2. Cont.

Finite Element Analysis Mechanical Testing
Forces Moments at.the.Point of Moment§ at the Center von Forces Moment§ at the Center
Activation Force Application (PF) of Resistance (CR) Mises of Resistance (CR)
(mm) Stress

® Fy(n M) Nmm Nem Nmm  Nmm  Nmn  Nmm  MPI ) Fy(n 0 Nmm Nem  Nmm

FEA FEA FEA. FEA FEA FEA FEA FEA test test test test test

~S 2 s (d) Omega-loop TPA

0.5 0.2 0 0 0 -1 -0.7 0 0.4 —0.4 0.1 0 0 0.0 0.1 0.3

1 0.3 0 0 0 -2 —-1.4 0 0.8 -0.7 17 0.2 0 0 0.0 0.3 0.6

1.5 0.5 0 0 0 -3 -2 0 1.2 -11 0.3 0 0 0.0 0.5 0.9

2 0.7 0 0 0 —4 —2.7 0 1.5 —-15 35 0.4 0 0 0.0 0.6 1.1

25 0.8 0 0 0 -5 -34 0 1.8 -1.8 0.5 0 0 0.1 0.8 14

3 1.0 0 0 -0.1 -7 —4 0 2.0 -22 51 0.6 0 0 0.1 0.9 1.7

3.5 1.1 0 0 -0.1 -8 —4.7 0.1 22 —2.6 0.6 0 0 0.1 1.0 2.0

4 1.3 0 0 -0.1 -9 —54 0.1 24 -29 68 0.7 0 0 0.1 1.1 23

3.1. Finite Element Analysis

At a maximum activation of 4 mm per side in the transversal axis, the Double-arch TPA
with two arches of 1 mm diameter each, generated the highest forces (3.1 Newton (N) per
side). The Triple-loop-arch TPA and the S-bow TPA, both with a round diameter of 1.2 mm
and 1.5 mm, generated 2.5 and 1.7 N per side. The Omega-loop TPA with an oval diameter
of 1 X 2 mm and a big loop generated 1.3 N per side, the lowest force. In the sagittal and
vertical direction, negligible forces less than 0.01 N were found.

The applied and resulting moments were assessed at CR and PF at the inner surface of
the shell, palatal to the dental crown of the upper right molar. Overall, the highest moments
were found around the mesio-distal axis representing a buccal tipping.

At the maximum activation of 4 mm per side, at CR, moments ranged from 2.1 Nmm
(Double-arch TPA) to —6.6 Nmm (S-bow TPA), and, at PF, the moments ranged from —9 Nmm
(Omega-loop TPA) to —29 Nmm (Triple-loop-arch TPA). The rotatory moments around the
vertical axis reached a maximum of 6 Nmm (Triple-loop-arch TPA) at CR and —5.4 Nmm
(Omega-loop TPA) at PE. The angulation, i.e., moments around the oro-vestibular axis, were
very small for all treatment appliance with absolute values less than 0.5 Nmm. Figure 5a, b
summarizes the buccal tipping at PF and CR for the investigated TPAs.

The FEA enabled calculation of the von Mises stresses for each TPA variant. Up to
an activation of 3 mm per side, the local von Mises stresses ranged from 51 to 128 MPa
and sometimes slightly exceeded the yield point from PEEK of 120 MPa. Upon further
activation of the TPAs up to 4 mm, three appliances produced local von Mises stress clearly
above the yield point (S-bow TPA and Triple-loop-arch TPA: 154 MPa and Double-arch TPA:
165 MPa). The von Mises stresses for the different TPA variants are visualized in Figure 6
for a bilateral activation of 4 mm. It can be seen that the highest material stresses occurred
at the interface between the TPA and the shells (marked in red-orange).
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Moments at the point of force application
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= = = Triple-arch TPA_My (bucc.tipp.)_16 Triple-arch TPA_My (bucc.tipp.)_26

= = = S-bow TPA_My (bucc.tipp.)_16 S-bow TPA_My (bucc.tipp.)_26
Q-loop TPA_My (bucc.tipp.)_16 Q-loop TPA_My (bucc.tipp.)_26
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b Moments at the center of resistence

4 3.7

My[Nmm]per molar 16 and 26

05 1.0 1.5 20 25 3.0 35 40
Activation [mm)] per side
= = = Double-arch TPA _My (bucc.tipp.)_16 Double-arch TPA _My (bucc.tipp.)_26
= = = Triple-arch TPA_My (bucc.tipp.)_16 Triple-arch TPA_My (bucc.tipp.)_26
= = = S-bow TPA_My (bucc.tipp.)_16 S-bow TPA_My (bucc.tipp.)_26
Q-loop TPA_My (bucc.tipp.)_16 Q-loop TPA_My (bucc.tipp.)_26

Figure 5. (a,b) FEA, resulting moments in Newton millimeter (Nmm) for buccal tipping per molar 16
(dashed line) and 26 (continuous line) measured by transversal activation of 0.5 to 4 mm per side;
(a) at the point of force application; (b) at the center of resistance.

Figure 6. FEA, graphical illustration of the von Mises stress at a maximum of 4 mm bilateral activation
per side. The side scale indicates the corresponding numerical data (here: megapascals) to the color
gradient, blue shows the lowest stress and red the highest stress (areas marked in red-orange).

The displacement in the sagittal direction differed depending on the TPA geometry:
Anterior movement was seen for the Double-arch TPA and the Omega-loop TPA (1.3 mm and
0.5 mm), whereas distal displacement was seen for the Triple-loop-arch TPA (—0.5 mm). A
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different pattern was seen for the S-bow TPA where one side moved to the anterior, and the
other in a distal direction (1.5 mm and —2 mm). In the apical direction, movements ranged
from —1.5 mm (Omega-loop TPA) to —3.9 mm (S-bow TPA).

Figure 7 summarizes the deformation pattern of the four TPAs in all three dimensions.
It can be seen that apical displacement was most pronounced for the S-bow TPA and the
Double-arch TPA, reaching 3.9 mm and 2.7 mm, respectively.

Figure 7. FEA, graphical visualization of the deformation pattern at a maximum of 4 mm bilateral
activation per side. The side scale indicates the corresponding numerical values (here: millimeters) to
the color gradient, blue indicates the smallest movement and red the largest.

3.2. Mechanical Testing

The resulting forces and moments of the mechanical testing were measured in all
three dimensions and are shown in Table 2. In contrast to the FEA, the Triple-loop-arch TPA
showed the highest forces (3.2 N per side) and the Double-arch TPA the second highest
forces (2,3 N per side) at an activation of 4 mm per side. Likewise, to the FEA, the S-bow
TPA and the Omega-loop TPA generated lower forces per side (1.1 N per side and 0.7 N).
Figure 8 compares the resulting forces from the FEA with the mechanical tests of the
investigated TPAs. In the sagittal and apical direction, negligible forces smaller than 0.2 N
were identified.

Forces at the point of force application
35

30
25
2.0
15

1.0

Fx [N] per molar 16

0.5

0.0

1.0 15 2.0 25 3.0 35 4.0

Activation [mm] per side

= = = Doubel-arch TPA_testing

= = = Triple-arch TPA_testing Triple-arch TPA_ FEA

— = — S-bow TPA_ testing S-bow TPA_FEA
Q-loop TPA_testing Q-loop TPA_FEA

Doubel-arch TPA_FEA

Figure 8. Mechanical test (dashed line) vs. FEA (continuous line): resulting forces in Newton (N) in
oro-vestibular direction per molar by transversal activation of 0.5 to 4 mm per side.

For the mechanical testing, resulting moments were assessed only at the CR. Similar
to the FEA, the highest moments occurred around the mesio-distal axis representing a
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buccal tipping ranging from 1.1 Nmm (Double-arch TPA) to —6 Nmm (Triple-loop-arch TPA).
The rotatory moments around the vertical axis ranged from 1.3 Nmm (Double-arch TPA)
to —4.7 Nmm (Triple-loop-arch TPA). The angulation, around the oro-vestibular axis, was
lowest and ranged from 0.1 to —0.3 Nmm for all appliances.

4. Discussion

Digital workflows and computer-aided design (CAD) are transforming the daily work
in all dental disciplines. In orthodontics, they enable the provision of individualized
appliances designed specifically to the patient’s needs.

Owing to the advancement of computer-aided manufacturing (CAM), new materials
for 3D printing or 5-axis milling are becoming available [32]. Most of the printable polymers
currently available on the dental market are limited to temporary use in the mouth. In
orthodontics, they are utilized for insertion guides of orthodontic mini-implants [33,34] or
surgical splints for orthognathic surgery [35]. Fully digitally planned and CAM-fabricated
appliances made of printed or milled materials have been described in the literature. They
are utilized for active treatment and retention purposes [11-13,36-38].

The biocompatible high-performance polymer polyether ether ketone (PEEK) that was
analyzed in the present study has been used in dentistry for dental implants [18-20] as
well as for permanent and removable dentures [14,15]. In the orthodontic field, PEEK has
been tested for the manufacturing of removable and fixed space maintainers. Owing to the
low modulus of elasticity, it has also been tested for orthodontic wires made of or covered
by PEEK [23-25]. Therefore, the present study investigated whether PEEK could also be
suitable for the CAM fabrication of transpalatal arches.

In contrast to the traditional transpalatal arch made of stainless steel or TMA wire, the
use of digital design programs enables the user to create customized and precise treatment
appliances for specific needs. The TPA geometries presented in this article reflect the wide
range of design possibilities.

PEEK, in contrast to stainless steel (160 GPa) or TMA (80 GPa), has a significantly
lower Young’s modulus of only 3 to 5 GPa. When employed as a material for orthodontic
purposes, forces and moments of much smaller magnitudes can be expected. Accordingly,
the activation range of the TPAs made out of PEEK that were measured in the present
study was considerably higher compared to values previously reported for TPAs made of
stainless steel (maximum activation < 3 mm) or TMA (maximum activation < 5-6 mm).

Up to an activation of 6 mm, none of the TPA geometries presented in this study
exceeded the recommended force limit of 2.5 N [5]. The S-bow TPA and the Omega-loop TPA
generated expansion forces below 1.5 N up to an activation of 8 mm, implicating that a
further activation would be conceivable for the respective geometries.

Out of the TPAs tested in this study, the Double-arch TPA and the Triple-loop-arch
TPA generated the highest forces, which were in the range of 2.5 to 3.0 N and appeared
appropriate for orthodontic purposes. Among the two, the Double-arch TPA showed rather
low moments and could thus be well suited for expansion or—possibly with an enlarged
or modified cross section—also as an anchorage unit. The Triple-loop-arch TPA generated
similar forces but higher moments (rotation —6.6 Nmm) and may therefore also be suited
for molar derotation. The S-bow TPA generated lower forces and higher moments (rotation
3 to 6 Nmm), which may in principle be eligible for orthodontic treatment. However, the
FEA revealed that the two “S” arches might end up in direct contact upon higher activation,
which has to be considered in the case of clinical application. The Omega-loop-arch TPA,
with its large spring, generated very low forces (about 1.0 N) and may therefore not be
useful for expansion or for anchorage.

The traditional TPA made of stainless steel or TMA is usually connected to the molars
via palatal attachments. This plug-in connection has the advantage that the palatal arch can
be easily removed and re-inserted for activation. However, a limitation of this approach is
related to the slot play leading to undesirable side effects, such as the unwanted reduction
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in torque moments [5,7] Another limitation of conventional TPAs is related to the fact that
their frequent re-activation is required.

The CAD/CAM-fabricated TPAs consist of one piece and should be directly bonded
to the palatal surface of the molars. Due to the high dimensional stability of the palatal
connection from the arch to the tooth, side effects can be reduced and three-dimensional
tooth movements can be achieved in a more precise manner. Due to the large activation
range, regularly re-activating of the TPAs might not be necessary.

Comparable to the activation of TPAs made of stainless steel [8], three out of four
TPAs made of PEEK exceeded the yield point at a bilateral activation of 4 mm in the FEA,
whereas this did not occur for a bilateral activation of 3 mm. Accordingly, we can expect
that higher activations may lead to an irreversible deformation during insertion. In this
case, the TPAs made out of PEEK might not recover completely. Consequently, the intended
tooth movement might not be carried out to the full extent. In the mechanical in vitro
analysis, however, none of the PEEK TPAs investigated in this study showed any visible
deformation. Hence, for the geometries investigated, the maximum activation ranges of
the PEEK TPAs are most likely to be in a range slightly below 4 mm per side.

On average, the values measured in the mechanical in vitro testing for the force
systems were lower than the values calculated in the FEA. Only one appliance (Triple-loop-
arch TPA) showed higher values in the test than in the FEA. Possibly, this could be related
to the fact that a linear elasticity of the PEEK material was assumed for the FEA. However,
the PEEK material—as with most polymers—shows a non-linear behavior above a certain
load. Therefore, a change in the material structure of the PEEK polymer during activation
(horizontal compression) and an incomplete recovery of the material in the mechanical
testing may occur. It may be speculated that this could be the reason for the lower forces in
the in vitro testing, and future studies are required to further investigate this aspect.

The FEA revealed that the highest material stresses occurred at the junction of the
connecting elements to the shells. Using CAD-supported planning at this point, the user
has the possibility to strengthen the TPAs in the areas with the highest material stress. This
might lead to a reduction in the material stress when subjected to similar force systems.

Finally, with the help of the FEA, it was possible to obtain information on the defor-
mation of each treatment appliance in all three dimensions. It was observed that greater
transversal activation leads to significant apical movement of the treatment appliance from
1.5 up to almost 4 mm, depending on the TPA geometry. A palatal distance of about 2 mm,
as described in this study, of the TPAs would result in contact with the palatal mucosa
during insertion. This fact should be kept in mind in the virtual planning of the TPAs
designed by CAD.

5. Conclusions

The present study showed that CAD-CAM-manufactured transpalatal arches (TPA)
made of PEEK might be a promising alternative to conventional materials.

The FEA was found to be suitable to investigate the mechanical behavior of different
CAD/CAM-fabricated TPA geometries. The mechanical in vitro analysis supplemented
the FEA by enabling measurement of the forces and moments acting on both molars
simultaneously. In combination with the FEA, predictions about the force systems acting on
the molars by CAD/CAM-fabricated PEEK TPAs could be obtained in all three dimensions.

The TPA geometries presented in this study showed clinically appropriate expansion
forces up to 3 N per side. Due to the low load-deflection rate of the flexible PEEK material,
the activation ranges are much higher in comparison to conventional TPAs. The four
different geometries utilized in the study reflect the wide variability in design options. The
Triple-loop-arch TPA with a force system ranging from 2.5 to about 3 N appeared to be most
appropriate for the application of moments, whereas the Double-arch TPA, which delivered
force systems of comparable magnitude, seemed to be most appropriate for the expansion
as well as anchorage of the molars. In the future, the development of customized TPAs for
specific patients’ needs might become possible using CAD.
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The practical benefits of CAD/CAM-fabricated appliances are currently advancing
owing to the development of novel 3D-printable materials and improvements in CAD
software. However, their introduction to clinical settings requires validation of their eligi-
bility by means of simulated and biomechanical testing, and analysis of biocompatibility.
Whereas PEEK has already demonstrated its suitability for permanent use in the mouth,
only a few studies have assessed its applicability as a retention device in orthodontics.
This study presented that PEEK may also be effective as a CAD-CAM-fabricated active
orthodontic appliance and might offer a metal-free, aesthetic alternative to conventional
approaches. As the 5-axis milling out of a PEEK disc is associated with a high material
loss, improvements in additive 3D printing technology will most likely reduce costs in
the future.

The behavior of PEEK under in vivo (intraoral) conditions should be evaluated in
future experimental studies.
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