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Objective: Sliding mechanics using orthodontic miniscrews is widely used to
stabilize the anchorage during extraction space closure. However, previous
studies have reported that both posterior segment displacement and anterior
segment displacement are possible, depending on the mechanical properties
of the archwire. The present study aimed to investigate the effect of archwire
stiffness and friction change on the displacement pattern of the maxillary
posterior segment during anterior segment retraction with orthodontic
miniscrews in sliding mechanics. Methods: A three-dimensional finite element
model was constructed. The retraction point was set at the archwire level
between the lateral incisor and canine, and the orthodontic miniscrew was
located at a height of 8 mm from the archwire between the second premolar
and first molar. Archwire stiffness was simulated with rectangular stainless steel
wires and a rigid body was used as a control. Various friction levels were set for
the surface contact model. Displacement patterns for the posterior and anterior
segments were compared between the conditions. Results: Both the anterior and
posterior segments exhibited backward rotation, regardless of archwire stiffness
or friction. Among the conditions tested in this study, the least undesirable
rotation was found with low archwire stiffness and low friction. Conclusions:
Posterior segment displacement may be unavoidable but reducing the stiffness
and friction of the main archwire may minimize unwanted rotations during
extraction space closure.
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INTRODUCTION

Among the two typical methods for extraction space
closure, (i.e., sliding mechanics and loop mechanics),
sliding mechanics is often used owing to the simplicity
of wire bending, easy reactivation, and patient com-
fort." Nevertheless, various mechanical properties, such
as archwire stiffness, friction, and bracket-wire play,
have been suggested as determinants of the resultant
tooth movement.®® In conventional sliding mechan-
ics, manipulation of the main archwire, e.g., by using a
gable bend or reverse Curve of Spee, has been proposed
to reduce undesirable movement of the posterior seg-
ment.>"® Therefore, the use of interradicular orthodontic
miniscrews has gained popularity, because it is effective
for stabilization of anchorage segments.'” However,
previous studies have reported undesirable posterior seg-
ment displacement, despite the use of miniscrews, de-
picting rotation of the whole arch relative to the center
of resistance (CR) and the force vector.>®”"" Therefore, it
is crucial to clarify the displacement patterns in the pos-
terior segment in sliding mechanics using miniscrews.

In sliding mechanics, the anterior segment is con-
nected to the posterior segment via a continuous arch-
wire. The whole arch may be considered a single unit;
however, the respective anterior and posterior segments
exhibit differential movement patterns depending on the
mechanical properties of an archwire (i.e., rigidity and
friction etc.).”®'”"* An identical single force may lead
to different displacement patterns depending on the
stiffness of the archwire and/or the presence of friction.
However, few studies have examined the response of
each segment to the varying archwire stiffness and fric-
tion conditions of a continuous archwire.

Finite element methods (FEMs) have been widely used
to quantify and visualize the displacement pattern of
three-dimensional objects. In terms of friction, nonlinear
FEM analysis is a reasonable approach for simulation
and prediction of tooth displacement under friction,
given that these analyses cannot be performed using a
linear analysis approach.”

The purpose of the present study was to investigate
the effect of archwire stiffness and friction changes on
displacement patterns in the maxillary posterior segment
during anterior segment retraction in sliding mechanics
using orthodontic miniscrews.

MATERIALS AND METHODS

Construction of the finite element model
Three-dimensional finite element models of the maxil-
lary dentition with extracted first premolars, periodontal
ligaments (PDLs), and alveolar bone were constructed
via three-dimensional laser scanning of a dental model
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(Model-i21D-400G; Nissin Dental Products, Kyoto, Ja-
pan).'* The inclination and angulation of each tooth
were set according to Andrew’s prescription,'” and an
arch shape was constructed based on the broad arch
form of Ormco (Orange, CA, USA). The Curve of Spee
and Wilson’s curve were not represented.

Ten-node tetrahedron elements were used to construct
teeth, brackets, PDLs, alveolar bone, and archwires (Table
1). The teeth were brought into contact with adjacent
teeth at a contact point and each tooth was allowed to
move independently. The PDLs, which have an hourglass
shape naturally, had a uniform thickness of 0.2 mm, as
was used in previous FEM studies.'® The ligament layer
was further divided into two uniform layers of 0.1-mm
thickness in this study (Figure 1A). The alveolar bone
crest was formed 1.0 mm below the cemento-enamel
junction with a curvature that provided sound alveolar
bone support (Figure 1B).

Brackets were attached to each tooth using the di-
mensions of Micro-arch® brackets (Tomy Co., Tokyo,
Japan), with slots located on the facial axis of each
crown.'” Direct contact between the bracket base and
the tooth surface was set with no gap between them.'
Archwires were modeled and produced separately as
stainless steel (SS) beam elements. No clearance between
the archwire and bracket interface was allowed to elimi-
nate the effect of unrestricted rotation of the archwire
within the slot.

All teeth, brackets, PDLs, alveolar bones, and archwires
were assumed to have isotropic and homogenous linear
elasticity. Teeth and alveolar bones were assumed to
have a single, homogenous structure without a distinc-
tion between enamel and dentin or between cortical and
cancellous bone."” Young’s modulus and Poisson’s ratio

Table 1. Number of elements and nodes in the finite
element method model

Model No.ofnode  No. of element
Complete model 615,512 367,578
Maxillary teeth 261,862 153,504

Central incisor 32,366 18,762
Lateral incisor 32,348 18,724
Canine 42,434 24,814
Second premolar 39,628 23,294
First molar 57,772 34,022
Second molar 57,314 33,888
Periodontal ligament 195,700 55,184
Alveolar bone 251,190 148,956
Brackets 17,554 8,814
Archwire 2,538 1,120
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Figure 1. Three-dimensional finite element model and
experimental conditions. A, Finite element method model
of periodontal ligament. B, Position of orthodontic minis-
crews and direction of the retraction force. C, Coordinate
system. x-axis: (+) anterior, (=) posterior direction; y-axis:
(+) superior, (<) inferior direction; z-axis: (+) buccal, (-)
palatal direction.

Table 2. Material properties

Young’s modulus  Poisson’s
(MPa) ratio
Teeth 2.0E+04 0.30
Periodontal ligament 5.0E-02 0.49
Alveolar bone 2.0E+03 0.30
Archwire/bracket 2.0E+05 0.30

of elements were set based on previous studies (Table
2)‘2,9,19

Simulation of archwire stiffness and friction

For the interface between the archwire and brackets
or molar tubes, a surface contact was used instead of
a gap contact, as had been employed in previous FEM
studies.” Because the surface contact is highly nonlinear
in FEM, analytical procedures for a given load condition
were repeated to obtain convergent results. The coef-
ficient of friction was applied to second premolar brack-
ets and the first and second molar tubes in four 0.1-
um steps, from O to 0.3 um, named FO, F1, F2, and F3,
respectively.”****" Four types of archwires were used in
the present experiment: 0.016 x 0.022-inch (in) SS (W1),
0.017 x 0.025-in SS (W2), 0.019 x 0.025-in SS (W3),
and a rigid body (W4) as the control, which showed no
deformation.

Orthodontic miniscrews were used to apply a retrac-
tion force to the anterior segment and placed in the in-
terradicular space between the second premolar and the
first molar at a height of 8 mm from the archwire in the
apical direction, accounting for the average tooth height
and level of the mucogingival junction in a healthy
person (Figure 1B).”” The retraction point was located
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Figure 2. Landmarks used for the assessment of displace-
ment. Red dots indicate reference points for the crown
and root of each tooth.

Cl, Central incisor; PM2, second premolar; M1, first molar;
M2, second molar.

between the lateral incisor and the canine, as has been
described previously,” and the vertical position was set
to the level of the archwire. To perform anterior seg-
ment retraction, retraction forces of 150 g per side were
applied to retraction points on the archwire with orth-
odontic miniscrews.

Interpretation of finite element analysis

A standard coordinate system was constructed with
the x-axis corresponding to the anteroposterior direc-
tion; the y-axis, to the superior-inferior direction (verti-
cal displacement); and the z-axis, to the bucco-palatal
direction. The anterior direction of the x-axis, apical
direction of the y-axis, and lateral direction of the z-
axis were designated as positive (Figure 1C). Tooth dis-
placement was compared by assessing the x, y, and z
coordinates. Tooth axis change and the rotation of the
posterior occlusal plane (the connecting line of crown
reference points between the second premolar and the
second molar) were also examined in accordance with
archwire stiffness and friction. Central incisors were
compared based on the midpoint of the incisal edge and
root apex; second premolars were compared based on
the central point of two cusp tips and root apex; and
the first and second molars were compared based on the
central point of four cusp tips and of the root apices
(Figure 2). For convenience of analysis, each coordinate
(corresponding to a displaced tooth reference point) was
compared to its initial coordinate; displacement patterns
were visualized under 50x magnification for the anterior
teeth, 1,000x magnification for the posterior teeth, and
1,500x magnification for the posterior occlusal plane.

Changes in the position of the center of resistance of
the central maxillary incisor and first molar

The CR of the maxillary central incisor and first molar
were set based on the coordinates used in previous stud-
ies.”” CR displacement was measured as the difference
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between the initial and post-displacement coordinates.

A general-purpose finite element program, ANSYS 11
(Swanson Analysis System, Canonsburg, PA, USA), was
used to calculate and visualize the results of computa-
tional and comparative FEM analyses.

RESULTS

In all conditions tested in the present study, initial
displacement patterns of the maxillary posterior and
anterior segments exhibited backward rotation, regard-
less of archwire stiffness or friction; this indicated the
moment of force possibly caused by the discrepancy be-
tween the force vector and the location of the CR of the
whole arch. All conditions except for the simulating rigid
body (W4) produced differential levels of displacement
between the anterior and posterior segments, implying
deformation of the working wire.

Effect of archwire stiffness

With low-stiffness archwires (W1 and W2), differences
in rotation between the anterior and posterior segments
were greater than those with high-stiffness archwires (W3
and W4).

With respect to the incisor displacement (Figure 3;
50x magnification), extrusion of the incisor tip and
backward rotation of the incisor axis were greatest
with the lowest-stiffness archwire (W1) at any friction
level. As the archwire stiffness increased, the displace-
ment amount decreased. In contrast, the posterior seg-
ment exhibited the least backward rotation with the
lowest-stiffness archwire (Figure 4; 1,000x and 1,500x
magnification for the posterior teeth and posterior oc-
clusal plane, respectively). Increased stiffness resulted in
greater backward rotation of the posterior segment with
extrusion of the second premolar crown and intrusion of
the second molar crown. As archwire stiffness increased,
the displacement amount also increased.
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Figure 3. Displacement patterns of the central incisor according to archwire stiffness at each given level of friction.
Dotted line, initial position. Solid line, position after movement (50x magnification). Positive value, anterior direction of
the x-axis and apical direction of the y-axis. W1, 0.016 x 0.022-inch (in) flexible stainless steel (SS); W2, 0.017 x 0.025-in
flexible SS; W3, 0.019 x 0.025-in flexible SS; W4, rigid body. FO, u = 0.0; F1, u = 0.1; F2, u = 0.2; F3, u = 0.3.

396 https://doi.org/10.4041/kjod.2019.49.6.393 www.e-kjo.org



Park et al ® FEM on archwire stiffness and friction

Kjo-

M1 M2

-5 -10 -15 -20 -25 -30 -35

Anteroposterior location (mm)

Figure 4. Displacement pat-

— W1 .

— w2 terns of posterior teeth ac-
F3 W3 cording to archwire stiffness

— W4

at each given level of friction.
A, Tooth axis displacement
patterns (1,000x magnifica-
tion). B, Posterior occlusal
plane displacement patterns
(1,500x magnification). Dot-

M1 M2 ted (gray) line, initial position.

A B
(1,000x) (1,500x)
— W1
— W2
25 FO W3 25
— W4
/g 20 A g 20 A
= 157 = 15+
< <
= =)
c© 109 A c© 101A
8 5- 8 5-
% %
> 0 > 0
M1 M2
_5 T T T T T T 1 _5
0 -5 -10 -15 -20 -25 -30 -35 0
— Anteroposterior location (mm) —
E 5. E
£ £
£ [Bs -5 25 o35 £
Popfati B
e e
© ©
= =
g g
— W1
— W2
25 F2 w3 25
— W4
/g 20 A ’ | /g 20 A
= 157 = 15+
5 5
2 101 A 2 101A
8 5- 8 5-
5 5
> 0 ’ > 0
PM2 M1 M2
_5 T T T T T T 1 _5
0 -5 -10 -15 -20 -25 -30 -3 0
a3 Anteroposterior location (mm) =
E E
z <
=2 =2
[0 (0]
e <
© ©
S S
% %
> >

Effect of friction

With each given level of archwire stiffness, differences
in rotation between the anterior and posterior segments
decreased relative to the increase in friction (from level
FO to F3). There were minimal differences between W1
and W2 at any friction level.

Regarding incisor displacement (Figure 5; 50x mag-
nification), extrusion of the incisor tip and backward
rotation of the incisor axis were greatest with the lowest
friction level (FO) across all archwire stiffness levels. As
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Solid line, position after dis-
placement. Positive value, an-
terior direction of the x-axis
and apical direction of the y-
axis.

See Figures 2 and 3 for defi-
nitions of each landmark or
measurement.

the friction level increased, the displacement amount
decreased. The posterior segment also exhibited various
displacement patterns (Figure 6; 1,000x and 1,500x
magnification for the posterior teeth and posterior oc-
clusal plane, respectively). In particular, the effect of
friction was not remarkable in W1 and W2. However, in
W3, all friction conditions resulted in an increased pos-
terior displacement of the posterior segment, in compar-
ison with the friction conditions in W1 and W2. More-
over, increased friction resulted in even greater backward
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Figure 5. Displacement patterns of the central incisor according to friction levels at each given level of archwire stiff-
ness. Dotted line, initial position. Solid line, position after movement (50x magnification). Positive value, anterior direc-

tion of the x-axis and apical direction of the y-axis.

See Figure 3 for definitions of each landmark or measurement.

rotation of the posterior segment with extrusion of the
second premolar crown and intrusion of the second mo-
lar crown (Figure 6B). In W4, all friction conditions led
to a remarkable backward rotation of the posterior seg-
ment, and the amount of rotation and extrusion of the
posterior occlusal plane decreased as friction increased.
Taken together, these results indicate that low friction
caused the least backward rotation at each archwire
stiffness.

Displacement of the center of resistance

To understand the actual spatial displacement of the
representative tooth in each anterior and posterior seg-
ment, CR displacement patterns for the maxillary central
incisors and first molars were evaluated. Table 3 shows
the anteroposterior (x) and vertical (y) displacement of
each CR. In summary, compared to resting conditions,
the relatively low stiffness archwires (W1 and W2) re-
sulted in less displacement than did the high stiffness
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archwires (W3 and W4). The greatest amount of dis-
placement occurred with the rigid body and the highest
level of friction (W4 and F3).

DISCUSSION

Securing the stabilization of anchorage segments has
long been a major issue in clinical orthodontics. Al-
though the miniscrew has played a crucial role as a tem-
porary anchorage device, displacement of the moving
(anterior) and anchor (posterior) segments has not been
clarified. Therefore, using nonlinear FEM analysis, we in-
vestigated the response of the posterior segment under
varying archwire stiffness and friction levels in sliding
mechanics using miniscrews.

Nonlinear FEM analysis has become more common
than conventional linear analysis on the basis of many
studies about biomechanical properties of intraoral
structures and advancements in computing systems."
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In order to use a nonlinear analysis in the present study,
the FE model was further refined to verify the effects
of archwire stiffness and friction level. Specifically, a
second-order FEM model using a ten-node tetrahedron
element was used, instead of a conventional four-node
tetrahedron element. In addition, for more accurate
tooth displacement analysis, the PDL used in this study
was modeled using two layers instead of the conven-
tional one layer (Figure 1A).

For simulation of friction, we established a contact
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measurement.

relationship between the archwire and brackets using a
surface-to-surface contact rather than a conventional
gap contact. The gap contact cannot reproduce inter-
face surface or resistance in the tangential direction, in
which friction could not be fully expressed.’ By using
surface-to-surface contact, we were able to simulate
friction by allowing a loading force to be transmitted in
the tangential direction as well as in the normal direc-
tion within the bracket slot; moreover, we could simu-
late tooth displacement under various friction levels.
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Table 3. Displacement of the center of resistance of the central incisor and first molar

Tooth Archwire ro B
A CR x (mm) A CRy (mm) A CR x (mm) A CRy (mm)
Central incisor W1 -3.33E-02 8.32E-03 -3.30E-02 8.28E-03
W2 -3.33E-02 9.15E-03 -3.29E-02 8.99E-03
W3 -3.32E-02 9.79E-03 —-2.57E-02 9.13E-03
W4 -3.31E-02 1.50E-02 -2.52E-02 1.22E-02
First molar W1 2.04E-04 —-2.34E-04 1.87E-04 -2.38 E-04
w2 2.40E-04 -3.04E-04 1.86E-04 -3.15E-04
W3 2.47E-04 -3.43E-04 -2.70 E-04 -4.42 E-04
W4 -3.72E-04 —4.37E-04 -9.95E-04 3.78 E-04

Positive value, anterior direction of the x-axis and apical direction of the y-axis.
A CRx, Displacement amount of the center of resistance in the x-axis; A CRy, displacement amount of the center of resistance

in the y-axis.
See Figure 3 for definitions of each landmark or measurement.

The unexpected movement of the posterior segment
is presumably caused by the connection between the
anterior and posterior segments by a semi-rigid wire.'”"
Therefore, as described in the results above, it is not sur-
prising to observe rotation of the whole maxillary arch
in response to a linear force, primarily on the basis of
the distance between the CR and force vector.” In addi-
tion, the extent of posterior segment displacement was
dependent on archwire stiffness and friction level (Fig-
ures 4 and 6).

Displacement of the anterior segment caused by the
retraction force can be transmitted to the posterior seg-
ment via a continuous archwire, as described in previ-
ous studes.'"” The present study also exhibited similar
results, which depended on the archwire stiffness (Figure
4). Low-stiffness archwires showed the least posterior
segment displacement, in comparison with high-stiffness
archwires. Vertical bowing of the archwire caused by the
retraction force was large with the least stiff archwire;
this implies that the influence of the anterior segment
displacement on the posterior segment might not be
significant. In contrast, if the elastic deformation of the
archwire was decreased, the anterior segment displace-
ment might have more influence on the posterior seg-
ment via a continuous wire. Given this, the posterior
segment rotated backward along the rotation of the
anterior segment.

Friction can hinder the archwire from sliding through
the bracket slots, by which a part of the retraction force
can be transmitted to the posterior segment. Conse-
quently, friction may cause distal and vertical displace-
ment of the posterior segment according to the rela-
tionship between the force vector and the CR.**° In
this study, there was small amount of posterior tooth
displacement in W1 and W2. In contrast, in W3 and W4,
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the same level of friction caused comparatively large
change (Table 3, Figure 6). This phenomenon could not
be simply explained by classical surface friction only. In
terms of restriction to sliding, binding in the archwire-
bracket couple should be considered as another con-
tributing factor. This binding is associated with archwire
stiffness; a more stiff archwire may exhibit higher bind-
ing.”® Thus, low-stiffness archwires (W1 and W2) seemed
to show a reduced binding effect on the posterior seg-
ment because of the comparatively large elastic defor-
mation.

In W4 (rigid body without deformation), the amount
of backward rotation and extrusion of the posterior seg-
ment decreased with friction changes, which showed
a different displacement pattern compared with other
flexible wires (Figure 6). 1t seemed that the anterior seg-
ment position, reduced rotation and extrusion due to
friction, had directly affected the posterior segment po-
sition. Moreover, the retraction force, which had a poste-
rior and upward direction, may also affect the posterior
segment position via the rigid body. Taken together, the
results indicated that overall displacement of the poste-
rior segment was more pronounced with high stiffness
and high friction (Figure 7).

CR displacements of the central incisor and first molar,
which were respectively representative of the anterior
and posterior segments, were assessed to compare actual
spatial displacement of the teeth. In most stiffness and
friction conditions, the amount of backward rotation
was associated with the amount of CR displacement,
as if greater rotation may be synonymous with greater
posterior displacement of the first molar. In the rigid
body (W4), however, increased friction caused reduced
posterior “tipping” of the posterior teeth (Table 3, Fig-
ure 6). Thus, in W4, the reduced tipping with increased

https://doi.org/10.4041/kjod.2019.49.6.393 www.e-kjo.org
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Friction
Low

Flexible

Stiffness

Rigid

fiction was an expression of the increased true distal
displacement of the posterior segment, possibly due to
its resistance to sliding through the bracket slot. Taken
together, these findings indicate that increased friction
may be related to increased displacement of the poste-
rior segment.

In all conditions without exception, the maxillary
central incisor showed lingual tipping with various
magnitudes, according to the archwire stiffness and/
or friction; this is similar to previous studies.”” Notably,
increased archwire stiffness and friction causes reduced
tipping. However, within the limits of this study, lingual
tipping may have been inevitable due to the inherent
distance between the CR of the incisor segment and the
line of force vector. With respect to incisor axis control,
additional measures, such as lever arms, an additional
moment on the wire or bracket slot, and miniscrew posi-
tion may be suggested as alternatives.”®” Upadhyay et
al.,* in their randomized controlled trial for en-masse
retraction with miniscrew, stated that the displacement
of the posterior segment due to friction would be ben-
eficial in both anterior tooth control and vertical profile
problems. Nevertheless, it is difficult to predict and con-
trol the amount of displacement, and the clinician must
be prepared for that change. Especially for cases without
vertical problems, a stable posterior segment anchorage
may play an important role in preventing the rotation
of not only the anterior tooth but also the entire den-
tition.> Thus, it is essential to understand the various
biomechanical factors that can affect the stability of the
posterior segment.

A stiff archwire is recommended to prevent bowing
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High

Figure 7. Displacement pat-
terns resulting from varying
levels of archwire stiffness
and friction. Relatively low
archwire stiffness led to less
displacement of the posterior
segment compared to that
observed with high archwire
stiffness across friction levels.
A, Flexible archwire with low
friction. B, Flexible archwire
with high friction. C, Rigid
archwire with low friction. D,
Rigid archwire with high fric-
tion (gray color, original tooth
position; brown color, tooth
position after displacement).

of the archwire and to control the anterior segment in
sliding mechanics.” A deformed archwire can be returned
to its initial shape by elastic restoration according to
the degradation of the retraction force.'*'”> Therefore, if
force consistency and reactivation interval are ensured,
low-stiffness archwires can be more adequate for en-
masse retraction, as they are less susceptible to friction
change than are high-stiffness archwire. Meanwhile, for
the total arch distalization or intrusion with miniscrew, a
high-stiffness archwire may be more advantageous than
a low-stiffness wire (Figure 7).

The findings of this study suggest an alternative me-
chanical condition with respect to the stabilization of
the dental arch in sliding mechanics with miniscrews.
The initial displacement pattern of the posterior segment
was associated with the archwire stiffness or friction
levels under the same force vector condition. Although,
this study has a limitation that the findings may not ac-
curately reflect clinical orthodontic movements, it will
provide helpful information for the influence of archwire
stiffness and friction on posterior segment stability. To
build on this further, long-term tooth movement with
additional biomechanical conditions will be necessary in
future studies.

CONCLUSION

In the present study, we were able to derive the fol-
lowing conclusions on the basis of tooth displacement
patterns with the use of varying archwire stiffness and
friction application during en-masse retraction using
orthodontic miniscrews.
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1. Anterior segment retraction via sliding mechanics
using orthodontic miniscrews caused backward rotation
of the posterior segment, regardless of archwire stiffness
or friction.

2. The posterior segment exhibited the least backward
rotation with the lowest archwire stiffness (W1) at all
friction levels. With increasing archwire stiffness, the ro-
tation increased (Figure 4).

3. The posterior segment exhibited the least backward
rotation with the lowest friction (FO) at all archwire
stiffness levels. With increasing friction level, the rota-
tion increased (Figure 6).

Within the limitations of our study, these findings col-
lectively suggest that posterior segment displacement
may be unavoidable; however, reducing the stiffness and
friction of the main archwire may minimize unwanted
rotation.
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