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Abstract Objectives This study aims to compare the stress distribution and displacement
that resulted from the use of a Gerber space regainer and sagittal distalizer using
three-dimensional finite element analysis.

Materials and Methods Three-dimensional simulated models of the appliances
were developed using a software. The forces applied by the two appliances were 3N
(tipping) and 15N (bodily), respectively. Displacement and von Mises stress on the
compact and cancellous bone, periodontal ligament (PDL), crowns of the mandibular
first, second permanent molars, and deciduous canines were calculated. Stress distri-
bution and displacement values were measured via linear static analysis.

Results Gerber space regainer showed greater displacement than that produced by
the sagittal distalizer at the first permanent molar. However, such displacement was
less at the other tested points when compared with that delivered by sagittal distalizer.
The stresses created by Gerber appliance were higher in the crown and PDL of the
deciduous canine than the crown of the first permanent molar crown.

Conclusions Gerber appliance generates more distal force and less stress concentra-

Keywords tion on the crown of the mandibular first permanent molar than that created by the
= mixed dentition sagittal distalizer. On the other hand, stress concentrations produced by Gerber space
=~ finite element analysis  regainer are found to be more on the crown and PDL of the deciduous canine. There-
=~ stress distribution fore, it can be concluded that the use of Gerber appliance needs more anchorage.
Introduction discrepancies as a result of premature extraction of second

deciduous molars are more obvious than that associated
with early wastage of the first deciduous molars.*> Space
problems are announced in terms of occupying the space
left by the early loss of the mandibular second deciduous
molars.>® Therefore, interceptive measures such as repo-
sitioning the mandibular first permanent molars using
an appliance are necessary.” A variety of appliances either
removable, such as Hawley’s appliances and C-space
regainer, or fixed, such as sliding loop regainer, open coiled

Premature loss of deciduous dentition has significant
impacts on the growing child.! These solicitudes are not
only confined to functional, physiological, or esthetic dis-
turbances but also can lead to the development of maloc-
clusion and loss of guidance of erupting permanent teeth.'
The possible outcomes of early loss of primary teeth must
be carefully assessed to determine the most suitable ortho-
dontic intervention.? There is a consensus that arch length
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space regainer, lip bumper, distal jet appliance, and Gerber
space regainer, have been utilized to accomplish such task.’
Gerber space regainer is a seat-side appliance that may
be manufactured in a moderately brief span as it does not
demand laboratory procedures. Nickel-titanium (Ni-Ti) coil
springs are the main component. Open-coil springs con-
vey a relatively more constant load value in the superelas-
tic region; therefore, a more coveted persistent force can be
acquired.® Since it is a fixed appliance, patient acquiescence
has to be good and oral hygiene ought to be preserved as the
appliance was self-cleansing. However, the requirement for
banding may influence gingival status and recurrent car-
ies might develop under the band. The Ni-Ti coil springs
were found to deliver light, continuous force of 250 to 350 g
(0.025-0.034 MPa) with an average of 300 g (0.029 MPa).3?
A sagittal appliance is a removable appliance with a screw
incorporated for the distalization of the first permanent
molars. The anchorage is gained through the remaining teeth
anterior to the first permanent molars. The removable nature
of the appliance also makes it patient dependent and com-
pliance effect efficiency.’® On the basis of assessment, the
mechanical properties of different prosthetic designs and
treatment planning concepts and precise reproduction of
simulation of the functional differences between different
supporting tissues are required. On the extent of structural
engineering, the use of the finite element method (FEM)
means to set up a condition of tension and deformation of
an arbitrary-geometry solid submitted to external actions.!!
Fine element analysis (FEA) is a numeric analytical method
that permits the calculation of stresses and displacements.!?
FEM is nearly similar to the clinical situation; however, the
qualitative behavior of a dry skull doesn't mimic with a high
level of exactness in the clinical circumstance.® It is conceiv-
able to demonstrate the way that the permanent first molar
moves distally and study the commitment effect of molar dis-
talization such as flaring of anterior teeth due to the loss of
anchorage the force impact craniofacial structures and a pro-
file change in the lower third of the face.'*!> FEM has several
merits, such as (1) noninvasive technique; (2) theoretically,
the definite value of applied stress at any point can be mea-
sured; (3) teeth and their supporting structures as well as the
craniofacial bones can be simulated and mechanical proper-
ties of these structures can be assigned; (4) the applied force
direction, magnitude, and application are easily modified to
mimic the clinical situation, and (5) reproducibility does not
affect the physical properties of relegated material.'** The
aim of this investigation was to analyze and compare stress
distribution as well as displacement of the dental and sup-
porting structures after application of forces induced by Ger-
ber space regainer and sagittal molar distalizer using FEA.

Materials and Methods

The current in-vitro study has been conducted in full accor-
dance with the World Medical Association Declaration of
Helsinki. The Ethics Committee of Faculty of Dentistry, Minia
University, authorized the research conduction in Pedi-
atric Dentistry and Orthodontic Departments, Faculty of
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Dentistry, Minia University. An informed consent was signed
by the father’s child to use computed tomography (CT) imag-
es after clarifying the aim and the purpose of the research.
The child undergoes orthodontic treatment. The inclusion
criteria were unilateral localized sever space between more
than 3 mm and less than 4 mm.?!

Construction of the finite element (FE) model:

A flowchart of the FE process is illustrated in =Fig. 1.

1. Getting the geometrical outline

The FE model was constructed from CT photographs of an
8-year-old child to simulate the child’s mandible. A total of
60 CT slices saved as DICOM (Digital Imaging and Communi-
cations in Medicine) files were taken using Toshiba Aquilion
64 multi-slice scanner (120KV, 150mA, with a resolution of
512x512 matrix and a slice thickness of 0.5 mm). A Mate-
rialize Interactive Medical Image Control System (MIMICS),
10.01 for Intel x86 platform v10.2.1.2 (Materialise NV,
Belgium), was applied to extract a three-dimensional (3D)
model from the CT images.

2. Model components 3D drawing

The model was imported into Solidworks 2017 sp0.0 soft-
ware (Solidworks Corporation, France) to design a tetrahe-
dral FE mesh; the mandible incorporating teeth and alveolar
bone had meshed into 1 mm tetrahedrons. The teeth, alve-
olar bone, and periodontal ligament (PDL) were viewed as
homogenous and isotropic. A small sliding condition and the
Lagrange multiplier method were utilized to characterize the
contact interface. The cortical and spongy bone, teeth, stain-
less steel (SS) wire, and acrylic resin are dense. Material prop-
erties of the components of the dental follicle encompassing
the unerupted molar were similar to those of the PDL that
had a lower density (=Table 1).222 The contacts between
the teeth were postulated to be frictionless. The thickness
of the PDL and cortical bone was considered to be 0.2 and
3.4 mm, respectively.?* Mating was done between teeth, PDL,
and the mandible with the reported angulations and inclina-
tions to achieve model idealization and standardization® as
illustrated in = Table 2.

3. Appliances design and activation
3.1 Gerber space regainer

The space regainer was fixed in the permanent first molar
by a cemented tubed band. SS bar (1.0 mm in diameter) was
connected to the bands through the tube, extended anteri-
orly till reaching the distolabial surface of deciduous canine,
then bent lingually around the deciduous canine and finally
returned back posteriorly, till reaching the lingual tube. Mat-
ing was done by assembling the mesial opening of the tube
and the arm distal free end of the arm, and then moving the
SS arm into the distal end of the tube by dragging option. Coil
spring is the source of force used in space gaining and is rep-
resented by a force arm that applied at all device force points
(=Fig. 2A). The tipping force was delivered after open coil
spring activation was 3N and directed horizontally through
the long axis of the SS rod in both directions to avoid any
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Geometrical outline construction
360 Computed Tomography (CT) slices
of the mandible of a 10-year-old child

A

Generation of the 3D model |

Imported the model into Solidworks 2017 sp0.0 software

l

Defining teeth angulations and inclinations
mechanical properties of materials and their Poisson’s ratio

| Gerber and sagittal distalizer design construction and activation

l

‘ Defining model fixture and restrain for each model |

l

| Tetrahedral FE mesh construction ‘

‘ Linear static analysis |

Fig. 1 Flowchart of finite element method procedures.

Table 1 Material property data and their Poisson’s ratio

Table 2 Teeth angulations and inclinations

Material Young’s modulus | Poisson’s ratio
(MPa)
Cortical bone 1.37x 104 0.30
Cancellous bone 7.90 x 10° 0.30
Acrylic 2.30x 101 0.40
Tooth 2.07 x10* 0.30
Stainless steel wire 2.00x10° 0.30
Periodontal ligament | 50.00 0.49

eccentric force or dissipate any force away from the applica-
tion point.?

3.2 Sagittal molar distalizer

An acrylic body of 3 mm thickness was considered the
major component with its superior border, followed the
gingival scalloping, the inferior border extended to the ves-
tibule, and the distal surface extended to the mandibular sec-
ond molar. Splitting in the acrylic body was performed in the

Tooth Angulations Inclinations
Central permanent | 1°£0.5 -6.65°£0.6
incisor

Lateral permanent | 1°£0.3 -6.48°+£0.5
incisor

Deciduous canine 3°£0.6 -6.79°£ 0.5
First permanent 2°+0.5 -20.59°+0.5
molar

Second permanent | 2°£0.5 -10.5°£0.5
molar

middle of the edentulous space. Anchorage clasps connected
the acrylic body at the area of the first permanent molars
and anterior segment. Mating the free end of the wire and
superior border of the acrylic body, the SS wire was moved
to the inside of acrylic body by dragging option. The jack-
screw was the source of force used in distalization and it was
represented by force arm applied in all device force points
(=Fig. 1B). The bodily movement forces of 15N were applied
by activation of the screw and directed horizontally through
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(A)

Fig. 2 Gerber space regainer (A) and sagittal molar distalizer (B).

the long axis of the force arm in both directions to avoid any
eccentric force or dissipate any force away from the applica-
tion point®?

4. Material characteristics

The cortical and spongy bone, teeth, SS wire, and acrylic
resin were dense. The material properties of the dental fol-
licle elements around the unerupted molar were similar to
those of the lower density PDL.?

5. Defining model fixture and restrain for each model

For both appliances, all the elements were allowed to
translate in all directions except rotation. The only restraint
applied was a fixed restraint on the condylar neck.?’

6. Meshing

A high-quality solid mesh was utilized in this investigation
to produce 3D parabolic tetrahedral solid elements. As a solid
mesh was permitted to interpret on any of the three orthog-
onal bearings unless a limitation was connected, in any case,
no rotation was allowed.?”” The number of nodes for Gerber
appliance was 1,29,515 and 76,463 solid elements. The FE
model of sagittal distalizer consisted of 1,51,945 nodes and
1,40,512 solid elements.

Analysis
Linear static analysis was performed via Solidworks 2017
sp0.0.

After analysis, a result tree was activated. Both displace-
ment and von Mises stress on the compact and spongy bone,
PDL and teeth crowns of the deciduous canine, and the first
and second molars were calculated.

European Journal of Dentistry Vol. 14 No. 1/2020

(B)

Results

Displacement

The maximum displacement of the first permanent molar
was generated by Gerber regainer (8.91 um), while sagittal
distalizer produced a higher displacement at the area of six
anterior teeth (i.e., anchorage segment) (7.061 um). The dis-
placement values created by Gerber appliance at the compact
and spongy bone (2.710 and 2.702 pum, respectively) as well
as the PDL of deciduous canine (2.44 um), first and second
permanent molars (5.907 and 1.924 um, respectively) were
less than that created by the sagittal distalizer appliance
(1.51 um for PDL, 6.021 um for the first permanent molar,
and 4.015 pum for the second permanent molar) (=Table 3,
=Figs. 3 and 4 ). Gerber appliance produced distal tipping
movement, while the movement type generated by the sag-
ittal distalizer was bodily.

Stress Distribution

The von Mises stress distribution demonstrated the high-
est stress concentrations at the crown of deciduous canine
in Gerber regainer (11.2 MPa), which was much higher than
that recorded by the sagittal appliance (5.12 MPa). However,
stresses delivered by sagittal distalizer on the crown of the
first permanent molar (0.69 MPa) were slightly higher than
stresses delivered by Gerber space regainer (0.4 MPa). The
spongy bone (0.045 MPa), the PDL of the deciduous canine
(0.065 MPa), and both first and second permanent molars
(0.151 and 0.094 MPa, respectively) recorded higher stress
concentrations with Gerber appliance than that recorded
with the distalizer device (=Table 2). The compact bone
showed high-stress concentration in sagittal distalizer of
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Table 3 Stress distribution and displacement values

Point Stress (Mpa) Displacement (um)
Gerber regainer Sagittal distalizer Gerber regainer Sagittal distalizer
Compact bone 0.2119 0.334 2.710 6.010
Spongy bone 0.045 0.027 2.702 6.002
Deciduous canine crown 11.20 5.126 6.206 7.061
First molar crown 0.40 0.696 8.910 6.102
Second molar crown 0.015 0.224 1.910 4.010
PDL of deciduous canine 0.065 0.032 2.440 1.510
PDL of first permanent molar 0.151 0.085 5.907 6.021
PDL of second permanent molar 0.094 0.025 1.924 4.015
Abbreviation: PDL, periodontal ligament.
T
o -
'
. .
| 164
o
\ ¢ i
l -
“ o

D9 wy

Fig. 3 Stress distribution of Gerber space regainer on the compact
bone (A and E), deciduous canine (B and F), first permanent molar
(C and G), and periodontal ligament (D and H).

0.334 MPa in comparison with the other device (0.212 MPa).
Moreover, stresses generated by sagittal distalizer, maximum
stress recorded at the area of six anterior teeth that repre-
sented the anchorage anterior segment (25.80 MPa), with
the highest stress at the deciduous canine (5.13 MPa). Gerber
regainer generated maximum stress of 19.60 MPa at the con-
tact between coil spring and the band with the maximum
stress at the deciduous canine (11.20 MPa).

Discussion

In the current study, a mixed dentition mandible with an
approximate age of 10 years was scanned to reconstruct a
3D FE model. The point of force application, magnitude, and
force direction with all the two devices was simulated as per
the clinical situation. The stress distribution and deformation

==

[EETD)|
- .
u. n'

Fig. 4 Stress distribution and displacement of sagittal molar distal-
izer in the compact bone (A and E), deciduous canine (B and F), first
permanent molar (C and G), and periodontal ligament (D and H).

influence the dental and dentoalveolar structures were mea-
sured, analyzed, and compared with other previously avail-
able data. At whatever point, when a load is applied to a
structure, deformation and stresses are generated, and this
cannot be measured straightforwardly. In complex structures
such as the stomatognathic system, FEA is the most advanced
and reliable method.

In regard to the available data, the use of FEM in studying
stress analysis of space regainer in pediatric dentistry was
limited. Most of the available data used the FEA method does
not study these two appliances for space regaining. Therefore,
the differences between stress and displacement distribution
pattern in our findings and other studies might be related
to the difference in lines of action, direction, magnitude of
the force, anchorage type, and the used model. However, in
comparison with other studies in terms of the type of tooth

European Journal of Dentistry Vol. 14 No. 1/2020

111



112

A Comparative 3D Finite Element Study of Two Space Regainers in the Mixed Dentition Stage Melegy et al.

movement, force-generating parts, effects in PDL, teeth, and
bone would be useful.!”28-30

In regard to stresses generated by sagittal distalizer,
maximum stress recorded at the area of the anchorage
anterior segment, with the highest stress at the deciduous
canine. However, Gerber regainer generated the maximum
stress at the contact between the coil spring and the band
with the maximum stress at the deciduous canine. These
differences between the two appliances were attributed to
lack of anchorage in Gerber regainer as the device anchored
mainly on the first molar and deciduous canine only. These
findings were in line with the results of Shetty et al, who
reported high-stress concentration, resulting from the
use of jackscrew in molar distalization, to be 7.78 N at the
anchorage anterior segment.* Erverdi et al and Sung et
al recommended the use of a Nance appliance or lingual
arch to overcome the anchorage deficiency during molar
distalization using coil spring appliances.?'*? Also, Iseri et
al reported high-stress levels at the maxillary canine and
molar area but with minimal distractive effect due to high
anchorage used.'” Kang et al demonstrated high concentra-
tions of stress around the miniscrews (an extra anchorage)
of the modified palatal anchorage plate and bone-anchored
pendulum apparatuses, and around the headgear bands of
maxillary first molars.*® Moreover, Lee et al recorded the
highest stress concentration that was found around the
microimplants in rapid maxillary expander and conven-
tional Hyrax arms.? These findings were also in agreement
with that reported by the current study about the maxi-
mum stress concentration around the anchorage area.

Gerber and sagittal appliances demonstrated minimal
stress on the first permanent molar (0.4 and 0.6 MPa, respec-
tively). This finding was compatible with the results of Kang
et al who reported that the lowest stress distribution was at
the first molar radicular apical third with the headgear than
bone-anchored pendulum.

In regard to stresses delivered by the two appliances on
the compact bone, stresses delivered by sagittal distalizer
at the lingual alveolar crest of the deciduous canine were
greater than that produced by Gerber regainer at the mesial
alveolar crest of the erupting second molar. These findings
were in accordance with the study performed by Lee et al,
who reported high-stress concentration around the anchor-
age points. This finding explained our result where the lin-
gual alveolar crest of the deciduous canine was close to the
anterior anchorage in the sagittal distalizer.?®

The PDL showed minimal stress concentration among
all dental and supporting structures. Gerber regainer deliv-
ered 0.15 MPa at the first molar, 0.09 MPa at the second
molar, and 0.06 MPa at the deciduous canine. However,
the sagittal distalizer delivered 0.09 MPa at the first per-
manent molar and 0.03 MPa at both the second molar and
the deciduous canine. These upshots were fit with the out-
comes of Feizbakhsh et al, who investigated the stress dis-
tribution at maxillary first molar periodontium employing
straight-pull headgear with vertical and horizontal tubes
and reported that the lowest stress concentration found at
the PDL (0.10 MPa).2

European Journal of Dentistry Vol. 14 No. 1/2020

Displacement results of the sagittal distalizer revealed
a notable movement of posterior teeth due to force appli-
cation near their center of resistance. However, tipping
movements were more eminent in the direction of poste-
rior teeth due to faraway force application from the cen-
ter of resistance in Gerber regainer. These findings con-
firmed with preceding studies of Sung et al and Park et al
who recorded that the whole arch displacement may be
determined by the direct relationship between the entire
arch center of resistance, force application point, and its
vector.?234

Comparing displacement pattern stresses delivered by the
two appliances on the compact bone, sagittal distalizer pro-
duced 6.01 pm at the lingual alveolar crest of the deciduous
canine, and Gerber regainer produced 2.710 pm at the distal
alveolar crest of the erupting second molar. These findings
were confirmed by Kang et al and Park et al who reported the
displacement distribution level at the compact bone with the
headgear lower than the bone-anchored pendulum.??34 This
was in concurrence with the distal tipping movement that
happened with Gerber application, and the bodily movement
with the other appliance, and also Lee et al who reported that
the high-stress concentration and displacement were obvi-
ous around anchorage points.?®

Higher displacement was reported at the PDL of the first
molar when compared to other dentition. Displacement
was nearly equal in the both devices; 5.907 um for Gerber
regainer and 6.021 pum for sagittal distalizer. These findings
were in agreement with the previous studies of Fongsa-
mootr and Suttakul, about the effect of PDL on stress distri-
bution and displacement of tooth and bone structure using
FE simulation® and by Feizbakhsh et al, who reported that
the mechanical properties of PDL that were well flexibility
caused the tooth to move independently within soft volume
supported. The PDL allows tooth movement so that the high
displacement value in PDL considered an indication of the
efficacy of the used appliance.?®

The limitations of the current study were attributed to
the disadvantages of the linear FEA method that could be
summarized as follows: (1) FEM models did not include the
whole skull so that the results represented only the response
of part of the craniofacial structure; (2) elements represent-
ing tissues were considered isotropic; (3) it did not consider
the change in soft tissue material properties during growth
as modules of elasticity and Poisson’s ratio; (4) it did not
consider in detail the residual stresses at the end of each
jackscrew and coil spring activation; (5) the current study
performed in linear static manner without the concern of
time factor and the dynamic properties of the appliance.
Finally, FEM was not the individual variability in the physi-
ologic and anatomic structure which influenced the loading
of these devices. On the other hand, although this study was
a one-time study on a single mandible at one-time activation
of both devices, the results not only give a detailed insight
into the initial mechanical response of the biological tissues
of dental and dentoalveolar region to distalization therapy
but also help understand and predict the compounded effects
with subsequent activations.
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Conclusions

Gerber and sagittal distalizer appliances are capable of
regaining the space lost by the mesial movement of the man-
dibular first permanent molar. However, the resultant stress
concentration and displacement produced by the two appli-
ances are different. Gerber appliance generates more dis-
tal force and less stress concentration on the crown of the
mandibular first permanent molar than that created by the
sagittal distalizer. On the other hand, stress concentrations
produced by Gerber space regainer are found to be more on
the crown and PDL of the deciduous canine. Therefore, it can
be concluded that the use of Gerber appliance needs more
anchorage. In addition, the sagittal distalizer appliance has
an advantage over Gerber appliance as it produces slow and
distal bodily movement to regain space in children. Further
studies using nonlinear analysis can be beneficial.

Funding
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Study Significance

» Premature loss of deciduous dentition is common and
has significant impacts on the growing child including a
decrease in the arch perimeter. Therefore, the space re-
gaining is mandatory.

* This study simulates two space regainer appliances using
a FEM that simulates the clinical situation providing
dependable data in a noninvasive way about stress dis-
tribution and displacement values in the dentoalveolar
structures in mixed dentition stage.

 Limited data are available in such an era of pediatric den-
tistry, so comparing stress concentration and displace-
ment simulation created by two space regainers with
different types of tooth movements is viable in the dentist
decision and treatment plan for space regaining.
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