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Abstract: Tooth distalization is an effective approach for mandibular prognathism. Current distalization devices are
bulky and clinically complicated. Here, we designed a novel molar distalization device by using a sliding rod and
a microscrew and performed a mechanical analysis and finite element model (FEM) analysis of force distribution
and displacement of the upper canine, first and second premolar and first molar. A 2D FEM was constructed using
the Beam3 element and a 3D FEM was constructed of the mandibular teeth, the periodontal membrane, and the
alveolar bones using the UG software. The upper first molar was divided into 12 points on the dental surface to fa-
cilitate stress analysis. Force analysis using the ANSYS WORKBECNH revealed that, both horizontally and vertically,
the traction force causing distalization of the first molar decreased when the spring coil moved down the L shaped
sliding rod. The 3D FEM force analysis revealed distomedial displacement of the upper first molar when the sliding
rod microscrew implantation device caused distalization of the molar. These findings support further exploration for
the use of the sliding rod microscrew implants as an anchorage for group distal movement of the teeth of patients

with mandibular prognathism.
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Introduction

Mandibular prognathism is predominantly class
Il and often manifested as crowding of teeth [1,
2]. Its treatment frequently requires distomedi-
al displacement of the mandibular tooth, includ-
ing distomedial displacement of the front and
back teeth or group distomedial displacement
[3]. Tooth distalization is an effective approach
for mandibular or bimaxillary prognathism.
Currently, multiple tooth distalization devices
are in use clinically [4].

Mandibular group distalization can be done by
molar distalization first and then premolar dis-
talization. Most studies focus on devices for
molar distalization. Patient-dependent molar
distalization devices require cooperation of
patients [5]. The use of microscrew implant to
provide anchorage for distalization of molar
has been actively pursued by investigators [6]

in order to obtain a device that is simple in
design and clinically easy to maneuver with
good controllability, sustained force release,
and reliable anchorage. Park et al. [7] used
microscrew implants between the second pre-
molar and first molar and achieved distalization
of the mandibular teeth after one year, which,
however, was restrained by the microscrews.
Kyung et al. [8] used a modified procedure by
removing the microscrew implant after achiev-
ing distalization of the second molar and then
re-implanted microscrews to realize group dis-
talization, markedly increasing the cost and
complexity of the procedure. These devices and
others are bulky in volume and cause foreign
body sensation. The distalization is also rather
limited and the procedure is clinically compli-
cated and time consuming.

We designed a novel molar distalization device
by using a sliding rod and a microscrew.
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A novel sliding rod microscrew implantation device
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Figure 1. The sliding rod microscrew implantation device. A. Photograph of the actual sliding rod microscrew implan-
tation device. a, sliding rod, b, nickel titanium spring, ¢, microscrews and d, spring coil. B. Schematic representation
of the implantation device with the traction bar turning upward or downward. 1 to 7: mandibular teeth; 8: bracket;
9: archwire; 10, L-shaped sliding rod; 11, nickel titanium spring; 12, microscrew; 13, elastic wire ring. C. Application

of the sliding rod microscrew implantation device.

Theoretically, it can ease crowding of teeth
without the needs of tooth extraction and at the
same time maintain the stability of the oromax-
illary system. The sliding rod microscrew
implantation device causes distalization of a
molar as well as distalization of the mandibular
group. Finite element analysis can solve struc-
tural mechanical problems and is used in den-
tistry to determine the behavior parameters in
response to loading complex structures [9-12].
In the current study, we carried out a mechani-
cal analysis and finite element model (FEM)
analysis of force distribution and displacement
of the upper canine, first and second premolar
and first molar. The finite element analysis and
mechanical analysis of the sliding rod micro-
screw implantation device may provide data to
guide further optimization of the device for clini-
cal use.

Materials and methods
The sliding rod microscrew implantation device

The sliding rod microscrew implantation device
included an L-shaped sliding rod, nickel titani-
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um spring, microscrews and spring coil. Each
tooth was connected with the archwire via a
bracket (Figure 1). The microscrew was 1.2 to 2
mm in diameter and 10 to 12 mm in length and
was first inserted at a depth of 1 to 1.5 mm
vertical to and then at an angle of 55 to 70
degree to the mandibular plane into the bony
area of the infrazygomatic crest above the
mucogingival junction near the mesiobuccal
root of the upper second molar. One end of the
spring coil was connected to the microscrew,
and the steel wire was tied to the traction bar of
the L-shaped sliding rod. The traction bar can
be turned upward towards the gingival or
downward.

The 2D finite element model of the sliding rod
microscrew implantation device

A 2D FEM was constructed of molar distaliza-
tion with the sliding rod microscrew implanta-
tion device using the Beam3 element. The com-
posite structures were analyzed in ANSYS (ver-
sion 13.0) Mechanical APDL. At the hinge joint
of the sliding rod and the archwire, coupling
restraint was applied for displacement at point
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surface) at 3.2 mm and the
bottom base (the occlusal
surface) at 4 mm at a height
of 2.04 mm. At a load of 1.5
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(Figure 3). The upper first
molar used in this work was
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Figure 2. A. Design of the sliding rod microscrew implantation device. B. Two ~ Material properties

dimensional (2D) finite element model (FEM) of the device.

0O and Y axis to model the sliding and hinging of
the archwire (Figure 2A). Displacement
restraint for total degree of freedom was
applied at the upper canine, first and second
premolar and first molar, and the end of the
spring coil (Figure 2B). A load of 1.5N was
applied and the origin of force was A, B, O, C,
and D. The mechanical force in the x and y axis
of the upper tooth canine, first and second pre-
molar and first molar was calculated.

The 3D FEM for the upper first molar

A 3D FEM was constructed of the mandibular
teeth, the periodontal membrane, and the alve-
olar bones using the UG software. The second
order 10-node modified quadratic tetrahedral
solid elements (C3D10M) in ABAQUS were used
for meshing. Displacement restraint was
applied for horizontal and axial movement of
the alveolar bones. Load restraint was applied
for the surface of the buccal tube for bonding
whose force area was 7.34 mm? in the shape of
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The archwire and sliding rod

were steel and had an elas-
tic modulus of 210 GPa (1, 2.1E5) and a
Poisson’s ratio of 1, 0.29, and a density of 1,
7.8e-9. Tooth and alveolar bones were pre-
sumed to be homogeneous, isotropic and lin-
early elastic material. Teeth had an elastic
modulus of 19600 MPa and a Poisson’s ratio of
0.3. Alveolar bones had an elastic modulus of
14700 MPa and a Poisson’s ratio of 0.28. The
periodontal membrane had an elastic modulus
of 3 MPa and a Poisson’s ratio of 0.45 [11].

Results
2D FEM force analysis

The number of finite elements was 210 in the
2D FEM of the sliding rod microscrew implanta-
tion device. A load of 1.5N was separately
applied to the anchorage site A, B, O, C, and D
(Figure 2B). The force distribution at the upper
tooth canine, first and second premolar and
first molar in the direction of x and y axis is
shown in Table 1 and the data of mechanical
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C. Meshing.

P12

Figure 4. The parameters of the upper first molar, the
periodontal membrane and the alveolar bones in the
3D FEM.

force analysis are shown in Table 2. The defor-
mation map in the direction of x and y axis and
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axial force distribution map
in the FEM were obtained
and are shown in Figure 1.
Force analysis of the upper
canine, first and second pre-
molar and first molar using
the ANSYS WORKBECNH
revealed that, both horizon-
tally and vertically, the trac-
tion force causing distaliza-
tion of the first molar
decreased when the spring
coil moved down the L
shaped sliding rod from the
anchorage site A to D (Table
1). When the vertical load

Figure 3. Three dimensional (3D) finite ~ Was separately applied to
element model (FEM) for the upper the anchorage site A, B, or O,
first molar, the periodontal membrane  the upper canine and the
and the alveolar bones. A. The FEM co-  fjrst premolar experienced a
ordinates: the positive direction of the
X axis is near the center of the upper
first molar and the positive direction ~ UPP€r second premolar and
of the y axis is vertical to the buccal  the first molar experienced a
surface on the palatine side and the  stretching force. Further-
positive direction is vertical to the oc- more, the upper occlusal
clusal surface. B. Application of load.

downward force while the

plane showed a tendency for
counterclockwise  rotation,
which was weakened when
the origin of force changed from A to D. When
the origin of force moved from O to D, the down-
ward force on the upper canine and first premo-
lar was further weakened and the upper sec-
ond premolar and first molar experienced an
increasing downward force. Additionally, the
mandible exhibited a trend for switch to clock-
wise rotation from counterclockwise rotation.
Mechanical force analysis of the upper canine,
first and second premolar and first molar
showed similar results to force analysis using
the ANSYS program (Table 2).

3D FEM force analysis

The number of elements in the 3D FEM for the
upper first molar was 1271576 and the number
of nodes was 1834875. The upper first molar
had 396635 elements and 553132 nodes; the
periodontal membrane had 212848 elements
and 355732 nodes. The alveolar bones had
662093 elements and 926011 nodes (Figure
3). When the origin of force changed from A to
D, the values on the x axis for the 12 points on
the surface of the upper first molar were all
negative except P11 and P12, indicating disto-
medial displacement of the upper first molar
when the sliding rod microscrew implantation
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Table 1. Force analysis of the upper canine, first and second premolar and first molar using the AN-
SYS WORKBECNH Version 13.0

Position

Total load Canine Fist premolar Second premolar Fist molar

Origin of force Fx Fy R3x R3y R4x R4y R5x R5y R6x Roy

A 1.50 0.00 0 0.65 0 0.65 0 -0.87 150 -0.44
B 1.47 0.29 0 0.52 0 0.52 0 -0.61 147 -0.14
0 1.39 0.56 0 0.38 0 0.38 0 -0.35 139 0.14
C 1.29 0.77 0 0.25 0 0.25 0] 012 129 0.39
D 1.17 0.94 0 0.14 0 0.14 0 0.08 117  0.58

Table 2. Mechanical force analysis of upper canine, first and second premolar and first molar

Position  Total load Canine First premolar Second premolar First molar

Origin of force Fx Fy R3x R3y R4x R4y R5x R5y R6x R6y

A 1.50 0.00 0.00 044 000 044 000 -0.44 1.50 -0.44
1.47 029 000 036 000 036 0.00 -0.22 147  -0.22
1.39 056 000 028 000 0.28 0.00 0.00 1.39 0.00
129 0.77 000 020 000 0.20 0.00 0.19 1.29 0.19
117 094 0.00 012 0.00 0412 0.00 0.35 1.47 0.35

OO o w

Table 3. Force and displacement at 12 points of the left first molar when the load is applied at the
origin of force A

von Mises  Maximal princi-  Minimal princi- Displacement Displacement Displacement

stress (MPa) pal stress (MPa) pal stress (MPa) in x axis (mm) iny axis (mm) in z axis (mm) Xyt
P1 0.031457 0.016375 -0.019899 -0.001584 0.00011 0.000197 2.56E-06
P2 0.007111 0.006888 -0.000365 -0.001597 -0.00064 0.00131 4.681E-06
P3 0.00882 0.007607 -0.002075 -0.002025 0.000143 0.000232  4.175E-06
P4 0.009418 0.00018 -0.009317 -0.001576 0.000927 -0.00101 4.365E-06
P5 0.004968 0.00412 -0.001423 -0.001148 0.000108 0.000123  1.344E-06
P6 0.184851 0.115711 -0.097559 -0.001041 8.8E-05 0.000134  1.109E-06
P7 0.062625 -0.01071 -0.079654 -0.000699 0.000792 -0.00101 2.139E-06
P8 0.092373 0.047785 -0.058671 -0.000406 3.86E-05 9.74E-05 1.755E-07
P9 0.074761 0.092809 0.0126234 -0.000743 -0.00071 0.001307 2.77E-06
P10 0.169151 0.167872 -0.130351 -0.00037 1.23E-06 0.00015 1.592E-07
P11 0.278257 0.031919 -0.142675 0.0005094 -0.0002 0.000716  8.132E-07
P12 0.183749 0.026186 -0.108433 0.0005113 4.67E-05 -0.00042 4.386E-07
device caused distalization of the molar (Tables displacement in x2+y2+z2 followed by P8, indi-
3-7). When the origin of force changed from A to cating that P10 at the branching point of the
D, P4, P7, and P12 on the y axis were positive, root of the molar was closer to the center of
suggesting movement towards the palatal rotation.
tooth surface. P2, P9, and P11 remained nega- . .
tive all the time, suggesting movement toward Discussion
the buccal surface. Furthermore, the absolute In the current study, we designed a novel slid-
displacement inP3x was > the absolute dis- ing rod microscrew implantation device. The
placement in P5x. In addition, P3 . was upper canine, first and second premolar are
>P5 | yisesstress- MOT€OVET, P10 was the nadir of stabilized by the steel wire while the first and
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Table 4. Force and displacement at 12 points of the left first molar when the load is applied at the
origin of force B

von Mises  Maximal princi-  Minimal princi- Pispla;ement Pispla;ement Pisplagement o4y +72
stress (MPa) pal stress (MPa) pal stress (MPa) in x axis (mm) iny axis (mm) in zaxis (mm)
P1 0.030275 0.016463 -0.01847 -0.00155 3.97E-05 0.000119  2.429E-06
P2 0.007654 0.007489 -0.00036 -0.00154 -0.0007 0.001208  4.334E-06
P3 0.007419 0.005543 -0.00286 -0.00199 7.12E-05 0.000114  3.961E-06
P4 0.008659 0.000187 -0.00856 -0.00155 0.00084 -0.00106 4.224E-06
P5 0.004418 0.003293 -0.00172 -0.00113 3.79E-05 8.36E-05 1.276E-06
P6 0.182196 0.109777 -0.10051 -0.00102 3.59E-05 7.77E-05 1.049E-06
P7 0.066415 -0.01192 -0.08427 -0.00071 0.00076 -0.00106 2.202E-06
P8 0.082189 0.043934 -0.05086 -0.00042 5.55E-06 7.15E-05 1.809E-07
P9 0.068479 0.075929 0.00401 -0.00074 -0.00072 0.001207  2.525E-06
P10 0.165321 0.167239 -0.12592 -0.00036 8.18E-07 7.34E-05 1.368E-07
P11 0.272361 0.031033 -0.1371 0.0005 -0.00016 0.000629  6.719E-07
P12 0.179451 0.025729 -0.10444 0.000501 8.19E-05 -0.00048 4.901E-07

Table 5. Force and displacement at 12 points of the left first molar when the load is applied at the

origin of force O

von Mises ~ Maximal princi-  Minimal princi- Pisplaf:ement Pisplaf:ement pisplaf:ement NV
stress (MPa) pal stress (MPa) pal stress (MPa) in x axis (mm) iny axis (mm) in z axis (mm)

P1 0.02269 0.01288 -0.01331 -0.00147 -1.85E-05 2.64E-05 2.17E-06
P2 0.00615 0.00604 -0.00025 -0.00146 -0.000492 0.000673  2.83E-06
P3 0.00528 0.00301 -0.00306 -0.00188 1.23E-06 2.64E-07 3.54E-06
P4 0.00611 0.00015 -0.00603 -0.00146 0.0004943 -0.00067  2.84E-06
P5 0.00317 0.002 -0.00163 -0.00107 -1.93E-05 2.78E-05 1.14E-06
P6 0.13983 0.08247 -0.07892 -0.00097 -9.24E-06 1.39E-05 9.35E-07
P7 0.05676 -0.0084 -0.06913 -0.00071 0.0004726 -0.00067 1.17E-06
P8 0.06182 0.03491 -0.03644 -0.0004 -9.19E-06 1.41E-05 1.58E-07
P9 0.0547 0.06699 0.007972 -0.00069 -0.000473 0.000671  1.15E-06
P10 0.65546 0.10684 -0.1116 -0.00035 -7.37E-07 1.56E-06 1.22E-07
P11  0.15674 0.02326 -0.02507 0.000474 -8.10E-05 0.00033 3.40E-07
P12  0.13489 0.0195 -0.03537 0.000474 7.57E-05 -0.00033 3.38E-07

second molar can slide freely along the wire via
the buccal tube. The medioproximal sliding arm
of the L-shaped sliding rod is positioned
between the upper canine and first premolar
and is close to the upper canine. The mediodis-
tal sliding arm of the L-shaped sliding rod is
positioned between the upper second premolar
and the first molar and is close to the second
premolar. The nickel titanium spring is posi-
tioned between the mediodistal sliding arm of
the L-shaped sliding rod and the medioproximal
first molar. It stretches the elastic wire ring and
generates a traction force that acts on the trac-
tion bar of the L-shaped sliding rod, which
transmits the horizontal traction force posteri-
orly to the mediodistal sliding arm of the
L-shaped sliding rod and thereby compresses
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the nickel titanium spring. The latter stores and
releases in a sustained manner the horizontal
force, causing distalization and mediodistal dis-
placement along the wire of the first (and sec-
ond) molar. A gap is created between the upper
second premolar and the first molar. When the
device is used unilaterally, it causes the distal-
ization of the molar and when it is used bilater-
ally, it causes traction of the bilateral molars. If
the left upper second molar to the right upper
second molar are stabilized by the steel wire,
the device causes group distalization of the
upper mandibular teeth. Group distalization
can be realized using microscrew implants in
one step [7] or first by molar distalization fol-
lowed by front tooth distalization [8]. Our device
can achieve front tooth distalization, molar dis-
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Table 6. Force and displacement at 12 points of the left first molar when the load is applied at the
origin of force C

von Mises Maximal princi- ~ Minimal princi- Pispla;ement Pisplaf:ement pisplaf:ement NV
stress (MPa) pal stress (MPa) pal stress (MPa) in x axis (mm) iny axis (mm) in z axis (mm)

P1 0.027382 0.016099 -0.01551 -0.00134 -8.4E-05 -2.5E-05 1.793E-06
P2 0.00773 0.007613 -0.00021 -0.00133 -0.00073 0.00093 3.172E-06
P3 0.006931 0.001943 -0.00572 -0.00174 -8.7E-05 -5.9E-05 3.025E-06
P4 0.006609 0.000203 -0.0065 -0.00135 0.000616 -0.00106 3.32E-06
P5 0.003709 0.001862 -0.00237 -0.00098 -8.6E-05 8.99E-06 9.76E-07
P6 0.160502 0.083113 -0.10192 -0.00089 -3E-06 -0.00011 8.08E-07
P7 0.05794 -0.01199 -0.07473 -0.00062 0.000631 -0.00106 1.894E-06
P8 0.071576 0.042556 -0.04004 -0.00037 -3E-05 -2.1E-05 1.356E-07
P9 0.066063 0.079758 0.00894 -0.00065 -0.00066 0.00092 1.711E-06
P10 0.143823 0.15104 -0.16867 -0.00032 3.66E-08 -6.5E-05 1.047E-07
P11 0.237734 0.026851 -0.02927 0.000438 -7.9E-05 0.000423  3.771E-07
P12 0.155858 0.022748 -0.04178 0.000437 0.000135 -0.00055 5.104E-07

Table 7. Force and displacement at 12 points of the left first molar when the load is applied at the origin

of force D
von Mises  Maximal principal Minimal principal Pisplaf:ement Pisplapement pisplapement X242
stress (MPa) stress (MPa) stress (MPa) in x axis (mm) iny axis (mm) in z axis (mm)

P1 0.02461 0.01494 -0.01345 -0.00123 -0.00016 -4.3E-05 1.535E-06
P2 0.00734 0.00722 -0.00024 -0.00123 -0.00072 0.00079 2.657E-06
P3 0.00755 0.00132 -0.00681 -0.00158 -0.00013 -0.00014  2.538E-06
P4 0.00561 0.00022 -0.00549 -0.00123 0.000507 -0.00102  2.814E-06
P5 0.00362 0.00137 -0.0027 -0.0009 -0.00013 -2.1E-05 8.211E-07
P6 0.14375 0.07037 -0.09508 -0.00079 -2.8E-05 -0.00016  6.475E-07
P7 0.05682 -0.0123 -0.07321 -0.00058 0.000559 -0.00102  1.695E-06
P8 0.06528 0.03973 -0.03561 -0.00033 -6.8E-05 -1.8E-05 1.162E-07
P9 0.05358 0.06462 0.005975 -0.00056 -0.00062 0.000789 1.322E-06
P10  0.13077 0.13986 -0.15153 -0.00029 -2.8E-07 -0.00012  9.721E-08
P11 0.21655 0.02441 -0.02692 0.000399 -4.3E-05 0.000328 2.688E-07
P12  0.14158 0.0209 -0.03883 0.000398 0.000152 -0.00056  4.933E-07

talization, and group distalization. Compared to
the distalization devices currently in use, our
device is small in size and has a diminished for-
eign body sensation. Furthermore, the traction
force is tunable by adjusting the length of the
spring coil and spring compression.

Finite element analysis provides an effective
approach for studying stress distribution in
non-homogeneous materials with irregular geo-
metric forms. Generally, materials are simpli-
fied in FEM by presuming them to be linearly
elastic, homogeneous, and isotropic. The teeth
and alveolar bones in our FEM were also pre-
sumed homogeneous, isotropic and linearly
elastic material according to the literature [11,
13]. In the current study, we built the FEM for
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the upper first molar using CAD to evaluate
force distribution and displacement of the
upper canine, the first and second premolar
and the first molar. Yoshida et al. [14] investi-
gated displacement of teeth using the FEM
without consideration of the actual measure-
ments of the bracket and archwire. We built
separate models for the alveolar bones, the
periodontal membrane and the teeth, which
have different elastic moduli and Poisson’s
ratios. Displacement restraint only limited alve-
olar bone movements and therefore, the move-
ment of teeth can be indicated by the move-
ment of the periodontal membrane.

Our 2D FEM and mechanical analysis of the
sliding rod microscrew implantation device

Int J Clin Exp Med 2015;8(7):10687-10695
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revealed that, both horizontally and vertically,
the traction force causing distalization of the
first molar decreased when the spring coil
moved down the L shaped sliding rod.
Additionally, the mandible exhibited a trend for
switch to clockwise rotation from counterclock-
wise rotation. It has been shown that the center
of rotation changes by how the force is applied
and the strength of the applied force [15]. The
closer the distance to the center of the rotation
of the tooth is, the smaller the displacement in
the x, y and z axis is. By calculating the sum of
x2+y2+z2, we can identify the point closest to
the center of rotation. Our 3D FEM showed that
across all the five anchorage sites, P10 is clos-
est to the center of rotation followed by P8, sug-
gesting that P10 at the branching point of the
root of the molar was closer to the center of
rotation. The data from the 3D FEM suggests
that though the sliding rod microscrew implan-
tation device causes distalization of the upper
first molar and the entire dental arch, the cen-
ter of rotation remains stable.

Our 3D FEM analysis revealed distomedial dis-
placement of the upper first molar when the the
sliding rod microscrew implantation device
caused distalization of the molar. When the ori-
gin of force moved down the sliding road, P4,
P7,and P12 moved towards the palatal surface
while P2, P9, and P11 moved toward the buccal
surface. The movement causes the rotation of
the first molar. When each point on the first
molar exhibits distomedial displacement, the
movement towards the palatal surface is great-
er than that towards the buccal surface. Guo et
al. [16] also found horizontal rotation of the first
molar, but in a different direction from that in
our FEM, which may be due to different devices
in the two studies. When the origin of force
changed from A to D, the 12 points on the sur-
face of the first molar mostly turned negative,
indicating that they were pushed downward
instead of being stretched, which is consistent
with the findings from our mechanical analysis.
We also found that P4, P7, and P12 displace-
ment remained negative in the z axis while P2,
P9, and P11 displacement remained positive in
the z axis, indicating that the crown of the first
molar remained tilted medioproximally and
underwent stretching and depression in the
mid sagittal plane. This may provide an expla-
nation that the first molar experienced 3 times
greater force in the x axis than the y axis.
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Our 2D and 3D FEM analysis of the sliding rod
microscrew implantation device has provided
consistent delineation of force distribution and
displacement of the upper canine, the first and
second premolar and the first molar. However,
this was achieved at the expense of simplifica-
tion of material properties and meshing. In
addition, boundary restraints were applied.
These conditions differ sharply from actual clin-
ical scenarios. The biomechanical properties of
the sliding rod microscrew implantation device
need to be further investigated in animal mod-
els and humans before it is used clinically. In
conclusion, we have demonstrated that our
sliding rod microscrew implantation device
causes distalization of the upper first molar as
well as group distalization. These findings sup-
port further exploration for the use of the slid-
ing rod microscrew implants as an anchorage
for group distal movement of the teeth of
patients with mandibular prognathism.
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